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Abstract: Crop production must increase substantially to meet the needs of a rapidly growing
human population, but this is constrained by the availability of resources such as nutrients, water,
and land. There is also an urgent need to reduce negative environmental impacts from crop
production. Collectively, these issues represent one of the greatest challenges of the twenty-first
century. Sustainable cropping systems based on ecological principles, appropriate use of inputs,
and soil improvement are the core for integrated approaches to solve this grand challenge. This special
issue includes several review and original research articles on these topics for an array of cropping
systems, which can advise implementation of best management practices and lead to advances in
agronomics for sustainable intensification of crop production.

Keywords: cropping systems; sustainable crop production; agroecology; nutrient use efficiency;
water use efficiency; environmental quality

1. Introduction

The global human population reached 7.7 billion in 2019 and is predicted to be 8.5 billion in 2030
and 9.7 billion in 2050 [1]. Increases in crop production will be needed to meet the requirements of
the growing human population. Worldwide, total demand for all agricultural products is anticipated
to increase by 1.1% per year until 2050, while that for cereals is expecded to grow by 0.9% per year
until 2050, compared to the demand in 2005 to 2007 [2]. However, many of the resources needed for
crop production are limited, including land, water, and nutrients, making it essential that they be
used responsibly.

Since the 1960s, increases in global crop production have been associated with expansion of land in
crop production, increased cropland under irrigation, and greater use of chemical fertilizers [2], along
with reliance on chemical pesticides [3]. However, these factors have been linked to negative impacts on
the environment. Expansion of cropland can result in loss of soil organic carbon [4], biodiversity [5,6],
and ecosystem services [7], and cultivation of marginal land that is highly susceptible to soil erosion [8].
Large-scale irrigation can result in decreased downstream river flow [9], declining aquifer levels [10],
and soil salinization and desertification [11]. High application rates of chemical fertilizers, especially
nitrogen (N) and phosphorus fertilizers, promote nutrient losses to the ambient environment, which
can lead to contamination of surface and ground waters [12–14], eutrophication of non-saline surface
waters and coastal waters [13], and greenhouse gas emissions [15]. Additionally, chemical pesticide
use can cause a reduction in beneficial predators and parasites, pesticide resistance in pests, a decline
in pollinators, injury to target and non-target crops, reduced biodiversity, and pollution of ground
and surface waters [16]. Therefore, it is imperative to increase crop production while decreasing its
negative effects on the environment. Sustainable cropping systems rooted in agroecological principles,
coupled with judicious use of external inputs and soil enhancement, are key to accomplishing this task.

Agronomy 2020, 10, 494; doi:10.3390/agronomy10040494 www.mdpi.com/journal/agronomy1
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2. Special Issue Overview

This special issue provides an international base for revealing the underlying mechanisms of
sustainable cropping systems to drive agronomic innovations and guide the application of best
management practices. It includes two review and 16 original research articles reporting novel scientific
findings on the development of cropping systems for improved crop yields with greater resistance to
abiotic and biotic stressors, enhanced resource use efficiency and profitability, reduced risk of negative
environmental impacts, improved soil conditions, and enriched ecosystem diversity. These papers
are broadly focused on farming system design, crop rotation, N management, residue management,
cover crops, organic management, and crop management for efficient use of irrigation water, and are
introduced below.

2.1. Farming System Design

Adaptation of farming systems for improved sustainability requires an understanding of the
multifaceted interactions that they are affected by [17], along with the effects of altered agronomic
practices on system performance. The article by Merot and Beohouchette [18] proposes a method for
applying ecologically-based hierarchical patch dynamics theory to farming systems analysis, which
considers spatiotemporal heterogeneity and variation in crop management and fields. The authors
applied this method in a case study of a French vineyard undergoing transition to organic production.
The results showed that it was useful for hierarchical characterization of the farming system from
the farm to field scale and for understanding interactions between farming practices and biological
processes. This revealed new biophysical indicators that should be considered in the development of
an organic farming system, along with fields that were good candidates to remove from production
prior to organic transition due to their greater management requirements.

To control stemborer damage in maize (Zea mays L.), improve soil fertility, and increase maize
yield on smallholder farms in Ethiopia, a push–pull cropping system was developed [19], by which the
drought-tolerant legume desmodium [Desmodium intortum (Mill.) Urb.] is intercropped with maize and
used to repel (i.e., push) stemborers to a trap (i.e., pull) crop of Bracharia hybrid grass planted in the
field borders [20]. The paper by Kumela et al. [21] evaluated this cropping system with monoculture
maize in on-farm trials across two neighborhoods in 2016 and four neighborhoods in 2017. Maize grain
yield with the push–pull cropping system was significantly greater than that of monoculture maize in
all cases except for in one neighborhood in 2017. In a survey of farmers following the 2016 growing
season, the majority of respondents who tested the push–pull cropping system rated it as better than
monoculture maize based on its ability to provide livestock feed and control stemborer damage, and
96% reported that they were interested in utilizing the push–pull system in the next growing season.

Intercropping shade-tolerant crops with trees is a viable strategy for increasing the utilization
efficiency of arable land to meet the needs of an ever-growing human population. Potato
(Solanum tuberosum L.) is a shade-tolerant food crop [22] that is commonly intercropped with trees
in tropical and sub-tropical regions where there are high levels of solar irradiance. In these regions,
shading has been shown to have minimal effect on potato tuber yield [22–25]. However, little is known
about the performance of potato under shade at higher latitudes where solar irradiance is less. To provide
a basis for the development of potato/tree intercropping at higher latitudes, the article by Schulz et al. [26]
reports on the effects of artificial shading on potato in southwestern Germany. Compared to the
non-shaded control during the three study years, tuber starch content was not significantly affected by
shading, while tuber dry matter yield was reduced in zero, one, and two, years with shade levels of
12%, 26%, and 50%, respectively. Since the yield reduction with 26% shading occurred in the year with
low total solar irradiance, the authors concluded that potato is a suitable intercrop for agroforestry
systems with shading up to 26% under normal levels of solar irradiance in this region.

The review by Sellami et al. [27] synthesizes data from agronomic research on protein crops in
Europe. It shows that sowing date and density, fertilization, and deficit irrigation had the greatest
effect on seed yield, that faba bean (Vicia faba Roth), pea (Pisum sativum L.), and lupin (Lupinus albus L.)
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produced greater seed yield than quinoa (Chenopodium quinoa Willd.), amaranth (Amaranthus spp.),
chickpea (Cicer arietinum L.), and lentil (Lens culinaris Medik.), and that highest seed yield occurred in
central European growing environments, providing insight for sustainable intensification of protein
crop production.

2.2. Crop Rotation

Crop rotation has long been recognized as a key component of sustainable cropping systems.
The paper by Pagnani et al. [28] reports on the effects of crop rotation and tillage system (conventional
tillage and no-tillage) on durum wheat (Triticum turgidum L. subsp. durum (Desf.) Husn.) over two
growing seasons in a Mediterranean region. Compared to monocropped wheat, a two-year faba
bean-wheat rotation increased wheat grain yield by 8%, across years and tillage systems. Crop rotation
also promoted remobilization of N to grain, and crop rotation coupled with no-tillage improved
multiple indices of grain quality when compared to monocropped wheat under conventional tillage.

The article by Qaswar et al. [29] summarizes a long-term study on green manure rotations on an
acidic paddy soil in a double rice (Oriza sativa L.) cropping system. Compared to a rice–rice–winter
fallow cropping system, replacing winter fallow with a green manure crop improved grain yield and
the sustainable yield index of early and late rice, soil organic matter, soil total and available N and
phosphorus, and phosphatase and urease activities, and reduced the apparent N and phosphorus
balances. The authors also quantified the effect of soil biochemical properties on grain yield, providing
understanding into the mechanisms driving the rotation effect.

2.3. Nitrogen Management

Nitrogen is typically the most limiting nutrient for the production of cereal crops [30], but the
recovery of applied N in harvested grain is only about 35% of the amount applied worldwide [31],
rendering the excess N susceptible to loss, which can lead to environmental degradation [32,33].
To advance N use efficiency in maize production through improved synchrony between N supply and
crop N requirements, the review by Asibi et al. [34] summarizes recent research and provides new
understanding on N assimilation, utilization, and remobilization in maize.

Compost, or decomposed organic material, can improve soil fertility [35] and serve as a slow-release
source of N to crops [36,37]. The paper by Maucieri et al. [38] evaluated different types of compost
as a substitute for mineral N fertilizer in a three-year maize-wheat (Triticum aestivum L.)-sunflower
(Helianthus annus L.) sequence in Italy. Treatments included a non-N-fertilized control and N applied
as 100% mineral fertilizer or compost, and 50% compost plus 50% mineral fertilizer. Highest maize
grain yield occurred with 100% mineral fertilizer or 50% compost plus 50% mineral fertilizer, and was
lowest with 100% compost. In the subsequent years, grain yields of wheat and sunflower were not
significantly different among treatments, but total aboveground biomass of all crops in the three-year
study was greatest with 100% mineral fertilizer or 50% compost plus 50% mineral fertilizer. These
findings indicate that compost can be used to offset synthetic N fertilizer application in crop production,
and that it can be a key component of sustainable cropping systems.

2.4. Residue Management

Crop residues are an important source of nutrients, and their return to soils is considered
fundamental for sustaining crop production and soil quality [39]. The article by Tian et al. [40] reports
on soil carbon and N storage as affected by the method of maize residue retention under simulated
tillage in northeastern China. Treatments included mixing maize residue with soil (to simulate rotary
tillage) to a soil depth of 10, 30, or 50 cm, or burying maize residue (to simulate moldboard plow tillage)
at 10, 30, and 50 cm soil depths. When residue was mixed with soil, its decomposition and the release
of carbon and N decreased as the depth of mixing increased in both study years, but the results differed
between years when residue was buried. Greater soil organic carbon content occurred when residue
was buried in soil compared to when it was mixed with soil. There was a positive correlation between
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residue decomposition and the release of carbon and N in the 0–20 cm soil layers, while a negative
correlation was present for the 20–60 cm soil layers. Hence, the authors concluded that burying maize
residue at a depth of 30 cm was the most suitable method for residue retention among the treatments
that they tested.

2.5. Cover Crops

Integrating cover crops into annual cropping systems can provide many benefits, including
protection against soil erosion, improved physical, chemical, and biological properties of soil, uptake of
water and N to reduce nitrate-N leaching, pest suppression, and enhanced crop yields [41]. The paper
by Halwani et al. [42] assessed the performance of soybean [Glycine max (L.) Merr.] in northeastern
Germany following a winter rye (Secale cereal L.) cover crop among systems where rye was harvested as
silage followed by plowing and planting of soybean, or terminated by herbicide or crimping followed
by no-tillage planting of soybean. The system with rye crimping did not use herbicides for weed
control in soybean, while the other systems did. Additionally, the planting date of soybean in this
system averaged 11 days later than that of the other systems. Weed control was effective in all systems.
Soybean yield was greatest with herbicide termination of rye and no-tillage in all three study years,
but was not significantly greater than that from the plow-based system in two of the years. Averaged
across years, crimping of rye and no-tillage produced the lowest soybean yield. Dates for termination of
rye and soybean planting varied among systems, and earlier dates of these operations were associated
with higher soybean yield. This paper also reports on cover crop biomass, soybean plant density, and
net economic return, and provides a basis for future research and development of no-tillage cover crop
systems for soybean.

The article by Everett et al. [43] summarizes a study across 19 sites in the upper Midwest USA that
evaluated the effects of a winter rye cover crop on soil nitrate-N and maize yield when sown before
autumn injection of liquid manure in fields where the previous crop was silage maize or soybean.
Across sites, use of a rye cover crop reduced nitrate-N concentration in the 0–60 cm soil layer in the
spring by 36% without affecting maize silage or grain yield, demonstrating its utility for reducing the
risk of N losses without restricting maize productivity in these cropping systems.

The paper by Andersen et al. [44] evaluated five faba bean cultivars, one forage pea cultivar,
and one field pea cultivar for their potential as cover and forage crops when sown after wheat in the
USA Northern Great Plains. On average, ground coverage prior to the first killing frost was greatest
with forage pea (44%), followed by field pea (27%) and the faba bean cultivars (17%), and was least
with no cover crop (6%). Forage yield was not significantly different among cover crops (mean =
450 Mg ha−1 of dry matter), but crude protein in forage was higher for faba bean and forage pea
compared to field pea. Grain yield of the subsequent unfertilized maize crop was not significantly
affected by cover cropping. These results show that faba bean and pea can be suitable options for
dual-purpose cover and forage in a wheat–maize rotation.

The effects of a winter cover crop of Chinese milk vetch (Astragalus sinicus L.) on subsequent
double-cropped rice in southern China is discussed in the article by Nie et al. [45]. Under moderate
and high N input, they found that a Chinese milk vetch cover crop increased grain yield of the early
and late rice crops compared to no cover crop, largely due to increased tillering. Additionally, annual
grain yield was not significantly different between rice following Chinese milk vetch with a moderate
N rate and rice following no cover crop with a high N rate, confirming the value of Chinese milk vetch
for improving the sustainability of double-crop rice production.

Living mulch systems are an innovative approach to cover cropping, in which a perennial
cover crop is intercropped with a cash crop. The paper by Alexander et al. [46] reports on the yield
and economic responses to N fertilization for first- and second-year maize grown in kura clover
(Trifolium ambiguum M. bieb) living mulch in the upper Midwest USA. Nitrogen fertilization did not
increase grain or stover yields of first-year maize, and the economically optimum N rate for grain
yield of second-year maize was similar to the local recommendation for maize following soybean.
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Across the two study years, net economic return from grain and stover of first- and second-year maize
grown in kura clover living mulch averaged $138 ha−1 greater than net economic return from grain of
conventionally managed maize following soybean. These findings reveal that kura clover living mulch
can reduce N fertilizer requirements for maize while enhancing profitability for farmers, and contribute
to a growing body of literature indicating that use of kura clover living mulch is a viable tactic for
sustainable maize-based cropping systems [47–51].

2.6. Organic Management

Organic crop production uses non-genetically modified crops and relies on ecologically based
practices such as diversified crop rotations including forage legumes, cover cropping, use of manure
and other organic soil amendments, and mechanical weed control in place of synthetic fertilizers
and pesticides. Crops produced using certified organic practices are eligible for price premiums,
but there is a three-year transition period following the conversion from conventional to organic
production in the USA when crops must be produced organically before organic certification is
approved [52]. During this transition period, organically produced crops are not eligible for price
premiums, thereby complicating decisions on whether to convert to organic production and what
the optimal agronomic practices are during the transition period. To address these issues, the article
by Cox et al. [53] assesses the agronomic and economic performance of red clover (Trifolium pretense
L.)–maize, maize–soybean, and soybean–wheat/red clover rotations under organic and conventional
management with recommend or high levels of inputs during the transition period in the northeastern
USA. With recommended inputs, organic maize had significantly lower grain yield, higher production
cost, and lower net economic return in the maize–soybean rotation, but equivalent grain yield,
production cost, and net economic return in the red clover–maize rotation, compared to conventional
maize. For soybean with recommended inputs, grain yield, production cost, and net economic return
were comparable between organic and conventional production in the soybean-wheat/red clover and
maize–soybean rotations. With recommended inputs, organic wheat in the soybean–wheat/clover
rotation had equivalent grain yield, significantly higher production cost, and lower net economic
return compared to conventional wheat. Across all crops, net economic return was greatest for the
conventional maize–soybean rotation with either level of inputs. High levels of inputs did not enhance
the agronomic and economic performance of organic compared to conventional management. With
recommended inputs, net economic return across all crops was similar among the three rotations.
These results provide a basis for best practices during the transition from conventional to organic
production and serve a foundation to advance the development of ecologically based cropping systems.

Organic cropping systems can vary widely, with some intensive organic systems lacking an
overarching ecological approach to crop production and simply replacing conventional inputs with
organic inputs. Although such systems can produce high crop yields while meeting organic certification
standards in some countries, they can have negative environmental impacts that are similar to
those from their conventional counterparts [54]. The paper by Ciaccia et al. [55] compares organic
soil fertility management systems during a two-year vegetable rotation under un-heated tunnel
greenhouses in a Mediterranean environment, and provides a comprehensive assessment of crop
performance, soil fertility, and the abundance of soil arthropods. The results showed that the input
substitution system, where commercial organic fertilizers were substituted for synthetic fertilizers,
had slightly higher crop productivity than systems utilizing agroecological service crops (i.e., crops
grown for cover and green manure) combined with cattle manure or compost, but no improvement in
long-term soil fertility parameters or soil arthropods. Meanwhile, the two systems with agroecological
service crops exhibited improvement in long-term soil fertility parameters that were associated with
changes in the community structure of soil arthropods. This confirms the importance of concurrently
evaluating multiple agronomic, soil fertility, and soil biodiversity indices when assessing agroecosystem
performance, and shows that soil arthropods can be used as bioindicators for comprehensive evaluation
of cropping systems.
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2.7. Crop Management for Efficient Use of Irrigation Water

Declining aquifer levels are a serious threat to crop production in semi-arid and arid areas that
rely on them for irrigation. The article by Leghari et al. [56] uses data from the North China Plain and
simulation modeling to assess crop productivity and water and N use efficiencies for the predominant
winter wheat–summer maize double-crop system under standard and optimized rates of irrigation
and N, and for monocropped spring maize and a two-year winter wheat–summer maize–spring maize
rotation under optimized irrigation and N rates. Across the two study years, the double-cropped
system under optimized irrigation and N rates produced the greatest total grain yield, which was
6% greater than that of the same system when 22% more water and 162% more N were applied.
Monocropped spring maize and the two-year rotation produced the lowest total grain yield over the
two study years, which was 23% less, on average, than that of the double-cropped system under
optimized irrigation and N rates. However, monocropped spring maize received 47% less water and
51% less N than the double-cropped system under optimized irrigation and N rates, and, therefore,
exhibited the highest water and N use efficiencies in this study. This article also reveals opportunities
to improve water and N use efficiencies in these cropping systems based on simulation modeling for
a range of irrigation and N rates, and suggests that tradeoff in crop productivity may be needed for
responsible stewardship of water and N resources in some areas.

The paper by Machicek et al. [57] reports on forage yield and quality, and water use efficiency
of irrigated brown midrib sorghum–sudangrass (Sorghum bicolor (L.) Moench ssp. Drummondii) and
brown midrib pearl millet (Pennisetum glaucum (L.) Leeke)) under three, two, and one harvests on 30-,
45-, and 90-day intervals, respectively. Averaged across harvest intervals, sorghum–sudangrass had
35%–52% greater forage dry matter yield than pearl millet in the two study years, but 26% lower water
use efficiency in the one year when it was measured. For both crops, one harvest per year produced
greater total forage dry matter yield and water use efficiency, but lower quality forage compared to
multiple harvests per year. These results demonstrate the importance of forage crop and harvest
schedule on forage production and water use efficiency.

3. Conclusions

Increasing global crop production to keep pace with rising demand on a limited supply of resources,
while reducing its negative environmental effects, is one of the greatest challenges facing humanity.
Sustainable cropping systems based on agroecology, rational use of inputs, and soil improvement are
key to meeting this challenge. This special issue contains several articles that synthesize previous
research and present original research on various aspects of these topics from a wide range cropping
systems around the world. This information can guide on-farm adoption of best management practices
and it serves as a base for the agronomic innovations needed for widescale sustainable intensification
of crop production.
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Abstract: Farming systems are complex and include a variety of interacting biophysical and technical
components. This complexity must be taken into account when designing farming systems to
improve sustainability, but more methods are needed to be able to do so. This article seeks to apply
the Hierarchical Patch Dynamics theory (HPD) to farming systems to understand farming system
complexity and be better able to support farming system re-design. A six-step framework is proposed
to adapt the HPD theory to farming system analysis by taking into account (i) spatial and temporal
interactions and (ii) field and management diversity. This framework was applied to a vineyard
case study. The result was a hierarchical formalization of the farming system. The HPD framework
improved understanding and enabled the formalization of (i) the hierarchical structure of the farming
system, (ii) the interactions between structure and processes and (iii) scaling up and down from field
to farm scale. HPD theory proved to be successful in analyzing farming system complexity at the
farm scale. The framework can help with specific aspects of farming system design, such as how to
change the scale of study or determining which scale should be used when choosing indicators for
crop management and integrating multi-scale constraints and processes.

Keywords: hierarchical patch dynamics; cropping system design; up-scaling; vineyard system;
complexity; organization

1. Introduction

In the current context of socioeconomic, climate and environmental changes, farmers have to adapt
their farming systems to reduce environmental impacts while ensuring agronomic performances and
farm profitability. The challenge for agricultural research is to provide knowledge, tools and methods to
redesign sustainable farming systems in various production contexts [1] and analyze induced changes.
For certain farms, a simple adjustment of management practices without additional organizational
changes may suffice, but for others a redesign of the whole farming system is required [2], which makes
the task more complicated. In fact, farmers must strike the right balance between production, economic
considerations and environmental protection. The first key step in any such redesign is to understand
the farming system organization, which is a challenging undertaking because the farming system is so
complex [2]: indeed, crop management sequences are numerous; farmers generally manage several
heterogeneous fields; and multiple interactions and different feedback over space and time between
the various farming system components must be taken into account. With regard to each management
practice, for practical reasons and resource constraints (e.g., access to labor and equipment [3]), farmers
do not manage an isolated field but rather a group of fields with the same attributes and crops for
greater efficiency [4].
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Two main approaches are often used to characterize the organization of farming systems. The first
is a field/crop-centered approach with a focus on the crop management systems. This focus can either
be on the biophysical components (soil, pest and disease components, etc.) to link the components of
the system under the influence of a few management practices and their performance [5], or on the
technical components to formalize farmers’ knowledge and management practice interactions [3,6].
Two main limitations are identified for this type of approach. First, the link between the technical
components and the biophysical components is often limited or simplified in many studies; thus, not all
practices are studied but only those relating to one process such as irrigation and soil water dynamics [6].
Second, the farm organization based on resource constraints, the socioeconomic context and field
diversity are often not taken into account when characterizing farming system organization [7].

The second approach is farm-centered and describes the farm system organization as a combination
of a set of agricultural activities [8]. Each agricultural activity is defined as an architype of a unique
combination of soil type, crop, previous crop and type of management [9]. Each activity is then
associated with agricultural, environmental and socio-economic performances. This second approach
is particularly suited to assessing the impact of policies and economic drivers on farm performances
on a larger scale [9]. However, it is limited when designing innovative farming systems because the
temporal and spatial interactions between the activities are often not considered, such as the order of
when certain practices on the farm are performed, the priorities for certain fields compared to others or
the phenological delay between fields that imposes temporal practices to be managed differently.

The hierarchical patch dynamics (HPD) theory [10] was developed in landscape ecology as a
way to break down spatial and temporal complexity. HPD theory combines two approaches: the
hierarchical theory of systems [11] and the patch dynamics theory [12]. It describes the links between
patterns, processes and scales in a system through a vertical hierarchical organization of interacting
patches [10,13,14]. HPD theory seemed to be a good approach to better handle the three issues presented
above for understanding the complex farming system and redesign: (i) characterizing the spatial
heterogeneity of the farming system components, (ii) identifying interactions and feedback over
space and time of the different system components, and (iii) describing biophysical, economic, social,
technical and even ecological processes from field to farm scales.

To overcome the limits of the above two approaches, this article proposes applying HPD theory
to farming systems to understand farming system complexity and their functional organization.
By mobilizing the HPD theory, the farming systems will be represented as interacting patches with
a functional “logical” spatial and temporal organization. These patches must be considered by
taking into account the links between patterns, processes and scales in a system through a vertical
hierarchical organization. Moreover, the HPD concept seems to be a suitable approach towards the
re-design of sustainable farming systems through the characterization of their socio-economic and
environmental performance by taking into consideration their biophysical structure and crop/patch
management practices.

2. Materials and Methods

2.1. Applying the HPD Theory to Farming Systems

2.1.1. Conceptual Framework to Assess Farming Systems Hierarchy and Organization

According to Wu and David [10], “Hierarchy theory assumes that complex systems have a vertical
structure that is composed of levels of organization and a horizontal structure that consists of holons.”
In ecology, patch dynamics theory [12] deals explicitly with patch spatial heterogeneity and changes
and assumes that patches are both structural and functional homogeneous units. By combining both
hierarchical and dynamic patch theories, we can assume that a holon is likened to a dynamic patch
(Figure 1). Therefore, the term “patch” is used in this article only to mean a type of holon. Dynamic
patches are defined here as specific components of a spatial organization at a specific level of a given
system that have the same spatial-temporal dynamic and are influenced by the same decision-making
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processes [15]. Using the patch theory, the farming system spatial representation could then be
organized across several patches at each level of organization: fields, groups of fields and the farm, to
be structured in a hierarchy [13] according to: (i) geomorphological and climatic processes (topography,
climate, soil structure and texture), (ii) biological processes including crop characteristics (species,
rootstock, structure and spatial arrangement of the plantation, weeds), insect outbreaks, disease
dispersal and soil processes, and iii) human disturbances such as management practices grouped
under technical tasks and resource competition (labor, water, equipment).

Figure 1. Hierarchical patch dynamics theory in farming systems derived from ecological systems [11]:
framework of analysis and six-step procedure to break the farming system down into a patch hierarchy.

Every patch is characterized by two subsystems: the biophysical subsystem represented by
different components interacting through various processes, such as transpiration, nutrient absorption,
resource competition (water, nitrogen, etc.), plant growth or pest infestation; and the technical
subsystem, which is composed of the whole set of management practices during a production
season [15]. Both subsystems are mainly affected by the decisions made by the farmer and access to
resources (water, land, labor, etc.). The farm level is more closely associated with strategic decisions
or certain operational decisions applied to the whole farm. Fields are characterized by operational
decision-making processes that result in numerous technical operations. Both subsystems are related
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to processes that affect spatial elements of the farm such as fields, hedges, etc., which shape the spatial
structure of the farming system.

For a given patch, there are numerous and frequent interactions between biophysical and technical
subsystems; for example, irrigating a field will change the water status. With regard to the HPD
theory, patterns and processes in structural and functional patches only interact when both operate on
the same or similar spatial-temporal scales. When a spatial pattern is more or less static relative to
the process under study, only the effect of pattern on process, and not process on pattern, must be
considered. For example, considering the lower level as a mosaic of pests and diseases for a group of
fields and the higher level as a topographic group of fields, the processes related to pest and disease
dynamics can be impacted by topographical aspects, but topography dynamics are not affected by
pest and disease dynamics. At a given level, three types of interactions could be observed between
patches [16]:

Interactions related to transport-based ecological processes (e.g., fungal spore dispersal, runoff,
etc.) that are not specific to a patch but applicable to several patches

Constraints on access to resources (labor, equipment, financial resources, etc.)
Patch configuration in space and accessibility from roads—Choosing a preferential pathway to

perform management practices, farmers initiate interactions between patches as priority rules for
certain management practices

2.1.2. An Innovative Six-Step Procedure to Assess Farming System Organization

This study proposes a six-step procedure adapted from Wu and David [10] to characterize farming
system organization using the HPD theory (Figure 1).

Step 1: Defining the Problem and Delineating the Farming System
Step 1 aims to define the problem to be addressed and delineate the farming system in terms of

components of interest related to the problem [5]. Thus, in this step, a “systemic representation of the
question to be addressed concerning a tangible object” [5] is established. This means that the system
environment should be specified and the system should be named and explained as a whole [17],
organized around biophysical and technical subsystems. This representation should also include the
spatial extent and scales of observation, the time of analysis including duration, and the resolution if
the system dynamics are part of the problem to be tackled. This first step is essential to guide data
acquisition and make adequate choices in the formalization.

Step 2: Data Acquisition
Step 2 consists in collecting the data required to characterize both farming system functioning

and structure in space and time. Based on the definition of a farming system [15], three types of data
must be considered: biophysical subsystem data, technical subsystem data, and data on the spatial
structure of the farming system (mainly fields).

For the biophysical subsystem, the data to be collected relate to the biophysical components
of the farming system such as plant, soil or pest and disease components. The phenological stages
are identified and the variables associated with these components (e.g., for the soil component, an
associated variable might be soil water status).

To characterize the technical subsystem, the different sequences of management practices used by a
farmer on every field during the production season must then be provided. Crop management sequences
are analyzed to identify the different management practices and their interactions. Decision rules must
be explained, particularly the descriptive variables associated with these rules. Descriptive variables
are based on the agronomic characteristics of the soil, climate, crops, a farmer’s strategic objectives or
farm resources.

Lastly, the spatial elements of the farming system (fields, pathways, ecological infrastructures,
etc.) related to the problem definition must be described. Factors of heterogeneity of spatial elements
are also analyzed; these might include climate (frost, wind, temperature), topography (slope), soil
characteristics (depth, stoniness, soil water retention, waterlogging), accessibility, pest and disease
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pressure, weed pressure, access to water (irrigation equipment), field location, product labels (certified
origin label, protected geographical indication, etc.) and crop characteristics (varieties and cultivars).
The heterogeneity aspects taken into account by farmers in their decisions are identified among the
various characteristics of these spatial elements. The level of detail for these data depends on the issue
defined in Step 1. While there are considerable data collected at the end of this step, they do not show
the spatial-temporal interactions between the various components of the farming system.

Step 3: Elaboration of the Appropriate Hierarchy of Patch Mosaics
Step 3 consists in establishing an appropriate patch hierarchy by organizing the farming system

into homogeneous structural and functional patches. The hierarchy is built so as to limit the number of
levels in the hierarchy following a principle of parsimony in the farming system breakdown.

As specified in [10] and [16], there are a number of methods in spatial pattern analysis for
identifying patch hierarchies. For example, in landscape analysis, a land cover approach or ecosystem
functional type concept can be used [10]. These methods are based on recognizing scale-dependent
heterogeneity among spatial elements resulting from biophysical and technical processes. The detailed
specification of the biophysical and technical subsystems as described in Step 2 is useful for several
quantitative methods to break down the farming system into hierarchical patch levels following a
progressive top-down approach. At the end of Step 3, the depth and breadth of the hierarchy is known,
as are the number and size of the different patches at each level.

Step 4: Formalization of the Technical Subsystem in the Patch Hierarchy
Step 4 aims to formalize the technical subsystem throughout the patch hierarchy and to describe

the technical components. The technical components are chiefly the management practices identified in
Step 2. While management practices are performed at field level, they are often decided and designed
for a group of fields. Thus, management practices are associated with the level at which management
practices are decided, which often corresponds to the labor or resources organization level.

Step 5: Formalization of the Biophysical Subsystem in the Patch Hierarchy
Step 5 consists in formalizing the biophysical subsystem throughout the patch hierarchy.

The biophysical components should be defined according to their horizontal interactions with
technical components. In other words, for each interaction identified between a technical component
and a biophysical component, a biophysical component must be positioned at the hierarchy level
corresponding to the technical component concerned.

Step 6: Spatial and Temporal Interactions between Patches and Across Levels
Step 6 aims to formalize the interactions between patches and across levels and introduce

dynamics into the hierarchy. With regard to vertical interactions for technical components, the
extrapolation led to scaling down the technical subsystem from higher levels where practices are
decided (activated/started/stopped/reported) to the levels where they are performed. This extrapolation
mainly concerns constraints imposed by the upper levels on the lower levels. The last level is the field
or the infra-field pattern corresponding to the level where management practices are carried out.

Extrapolation across levels of the biophysical components can be seen as supplying initial
conditions for the activation, deactivation, starting and stopping of management practices from the
lowest levels aggregated to the upper levels. It corresponds to scaling up information across the
hierarchy. The aggregation process could vary depending on the information involved, such as means,
totals, maximum, minimum, reference patch or ratios involving the various biophysical variables (e.g.
soil nitrogen content).

Information collected on temporal crop management sequences leading to complete horizontal
interactions between the different management practices are also reported in the different hierarchy
levels in each patch. Horizontal interactions at a given level between patches, such as spatial elements,
are also indicated in Step 6. Information on interactions between patches could be provided in Step 2
from interviews with farmers, such as when they mention specific pathways for management practices
or specific spatial order for processes (erosion, pest and disease development). Finally, the lowest
hierarchy level includes simple technical components that directly impact the biophysical components.
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2.2. Implementation of the HPD Approach to Vineyard Farming Systems

2.2.1. Presentation of the Test Case: Vineyard Farming System

The framework was applied to a French vineyard farm (Beziers plain, Languedoc region, southern
France). It was used to understand and formalize the vineyard system management before its
conversion from conventional to organic production. Due to the increasing number of management
practices to perform and associated indicators to cope with a limited set of inputs, conversion to organic
farming would likely introduce more complexity into the vineyard system [2]. The selected vineyard
farm studied here has a total area of 28.5 ha, which comprises the entire area of vines in production on
the farm.

2.2.2. Data Collection

The data needed to apply the HPD theory to this case study were collected through a two-hour
semi-comprehensive interview with one farmer held on one farm. We met the winegrower in person,
taking notes on the content of the semi-directive discussion. The interview was organized into
four parts:

Introduction: presentation of the farm
Spatial description: description of the vineyard area, groups of fields and field heterogeneity
Technical subsystem description: description of practices over time and space
Biophysical subsystem description: explanation of decision rules and elicitation of

biophysical indicators
In the technical subsystem description, an exhaustive collection of the management practices

between budburst and harvest was performed for each field: winter pruning, bud pruning, fertilization,
tillage, weeding within and between the rows, the entire pest and disease management process, topping
and harvest. When information on the crop management sequences for each field was not available,
the farmer was asked if he had to adjust it to the characteristics of each field (e.g., whether mechanical
weeding was done differently in a stony field). The farmer was also asked to explain how he decided
when and how to carry out a given management practice.

2.2.3. Statistical Approach to Build the Patch Hierarchy

The data were then analyzed and formalized using traditional procedures. A schematic map of
the vineyard was built so as to highlight geographical groups of fields and factors of heterogeneity that
were used (or not) by the farmer in the crop management. We organized the practices temporally into
crop management sequences [3]. The decision-making processes linking the field, decision-rules and
practices were also listed. A table was then created to show the different fields with the conditions
selected for the different field characteristics. Statistical analysis was performed on these data.

Different methods can be used to break the vineyard system down into a patch hierarchy. We chose
to avoid qualitative methods requiring significant expertise and propose basing the breakdown
on a more reproducible and statistical approach that takes the different impacts of the various
field characteristics into account to explain the heterogeneity observed in the vineyard. The chosen
method must enable the farming system to be divided into subgroups of fields via a dissimilarity
criterion between fields. Contrary to hierarchical classification methods, which base division on the
distance matrix between fields, it was important for each breakdown level to be associated with
one meaningful criteria. Accordingly, we used a multiple correspondence analysis (MCA, R®-2.12.0
software, package FactomineR, Agrocampus Rennes, Rennes, France). MCA made it possible to extract
the most important and structuring variables characterizing a set of individuals according to criteria
of dissimilarity, followed by an analysis of the contribution of these variables on a projection plan.
One output of MCA is the ordered contribution on the first projection axes. The higher the contribution
on the first axe, the more the structuring the variable.
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The impact of the selected field characteristics on heterogeneity in the farming system was
analyzed on the first projection axis. The order of the field characteristics contributions was used for the
farming system breakdown. Thus, the farm area (first hierarchy level) was first divided according to
the field characteristic that best explained its heterogeneity. A second level was then determined for a
certain number of patches based on the diversity observed for this first field characteristic. For example,
if the first field characteristic is soil, and if two types of soils were observed in the vineyard, then
the second hierarchy level is composed of two patches according to soil type. The other levels were
determined in the same way for all heterogeneity characteristics. The principle of parsimony was
ensured by considering a new level only when the characteristics analyzed led to a separation of a
patch into several patches.

When geographical groups of fields could be observed on the farm, a hierarchy of geographical
groups of fields followed by a hierarchy of fields was created and two successive MCAs were performed.
It was assumed that geographical field accessibility (mainly in terms of distances between fields via
pathways and roads) was a strong determinant of vineyard patchiness.

3. Results: Applying the HPD Theory to the Vineyard System

3.1. Step 1: Problem and System Definition

The objective of this step is to define the target of the study, which is to support the conversion
to organic farming, and to delimit the studied farm. The selected farm is composed only of a grape
production system. All productive grapevine fields (more than five years old) are considered. All the
fields produce grapes that are sold to a local cooperative, which makes and sells wine. With regard
to management practices, long-term practices such as the planting of perennial crops were not taken
into account in our study. Only annual management practices performed just before the conversion to
organic farming were included in the analysis. Particular focus was given to all practices impacted by
the organic conversion such as pest and disease management, fertilization, weeding, soil management
and bud pruning. Field hedges, pathways, roads and ecological infrastructures were not considered in
this study because organic certification does not include this type of landscape planning. Fields were
considered to be the smallest patches in the farming system because the winegrower did not take
into account infra-field heterogeneity. Climate and production factors were part of the environment
because they act on the system and are not considered to be affected by the system [5].

All the fields are used to produce the same type of wine and the yield is high (around 60 to 80 hL
per ha). The climate is Mediterranean. The farm is located on a windy plain prone to waterlogging.
The main pests and diseases are vine moths, downy mildew and powdery mildew. With regard to
productive resources, the vineyard is not irrigated and the farmer is the only permanent worker.

3.2. Step 2: Characterization of Specific Crop Management Sequences and Field Diversity

The objective of this step is to collect data to characterize the biophysical and technical subsystems
and to describe the spatial structure of the studied farm.

Data Collection
An exhaustive inventory of the management practices between budburst and harvest was drawn

up for each field: winter pruning, bud pruning, fertilization, tillage, weeding within and between the
rows, pest and disease management, topping and harvest. When information on the crop management
sequences for each field was unavailable, the farmer was asked if he had to make adjustments according
to the characteristics of each field (e.g., whether mechanical weeding was done differently in a stony
field). The farmer was also asked to explain his decisions on when and how to carry out a given
management practice.

A schematic map of the vineyard was created to highlight the groups of fields and factors of
heterogeneity used by the farmer for crop management. We organized the practices temporally into
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crop management sequences [5]. The biophysical indicators and decision-making process linking these
biophysical indicators, rules and practices were also listed.

Data Analysis: Identification and Description of Groups of Fields
The vineyard studied was made up of 23 fields, arranged in 12 geographical groups of fields

ranging from 0.5 ha to 6.5 ha, located around the farm at distances of 0.5 km to 5 km (Figure 2).
The geographical groups of fields are lettered from A to L. Certain groups had only two fields while
others were composed of five fields. They differed in terms of soil, frost risk and temperature, and
powdery mildew susceptibility. No variations in wind, slope, weed pressure or wine production
objectives between these geographical groups were identified. However, individual fields, numbered
from 1 to 23, varied greatly in their characteristics. Seven characteristics that varied between fields
were identified: weed pressure; distance between rows; powdery mildew susceptibility; vine moth
pressure; leaf branch and bud development; rabbit presence and grape color. The grapevine cultivar
was not considered as a whole; we preferred instead to consider certain cultivar characteristics to
explain heterogeneity: bud development, leaf and branch development, and wine color.

Figure 2. Farm area for the case study. The geographical groups of fields spatially separated, lettered
from A to L and delimited by black lines, are characterized by three variables: soils, frost risk and
powdery mildew susceptibility. Each field, numbered from 1 to 23, is characterized by the other
variables. The various values taken from these variables among the fields illustrate the biophysical
heterogeneity throughout the farm area. Variables in italics were not taken into account in the analysis.

The various management practices performed during the year were identified. These could be
grouped into four types: those which affect (i) the soil and weeds (e.g., weeding, tillage, nutrient supply),
(ii) pests and diseases (e.g., pesticide applications and preventative practices), (iii) the vine architecture
and vegetative biomass (e.g., pruning, topping, etc.) or iv) the vine reproductive biomass (e.g., cluster
thinning, harvest). Each management practice was associated with biophysical characteristics used to
determine when to start a task (Table 1). These characteristics are used by the winegrower as indicators
for decision-making: for example, mechanical weeding is done when weeds reach 0.15 m high.
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Three characteristics of the geographical groups of fields were taken into account by the farmer:
soil type, frost risk and powdery mildew susceptibility. The links between these characteristics and
their effects on management practices are presented in Table 1. Furthermore, five field characteristics
identified during the interview resulted in management practices being adjusted from one field to
another (Table 1). For example, the number of toppings in a field with prolific vegetative development
(three toppings) differed from those in less prolific fields (two toppings). This means that potential
variables of interest were identified during the interviews but they were not necessarily used by the
farmer to adjust the crop management sequences to the field heterogeneity. In fact, the farmer did not
take the heterogeneity related to grape color and rabbit presence into account in his management.

3.3. Step 3: Hierarchy of Patch Mosaics

This step consists in establishing an appropriate patch hierarchy. To do this, eight factors of
heterogeneity were used to construct the farming system hierarchy: three characterizing the groups
of fields and five characterizing the fields mentioned in Table 1. Two successive MCAs on the
characteristics of the groups of fields and then on the individual fields helped explain the variable
weight on field diversity. The vineyard was first broken down into four patches (Figure 3) by the first
characteristic (e.g., according to the four soil types). Each of the four soil patches was then divided
according to the three modalities of management related to frost risk. As a result, the vineyard was
broken down into seven patches. They were further broken down based on the following characteristics:
powdery mildew susceptibility, leaf and branch development, bud development and equal distance
between rows, vine moth susceptibility and weed pressure (Figure 3). The vineyard farming system was
thus divided into ten organizational and structural levels according to the order of these characteristics
(Table 2).

These levels and the way the fields and patches of fields were spread throughout the hierarchy
are presented in Table 2.

Figure 3. Patch hierarchy established for the studied vineyard (Step 3). Each level was associated with a
characteristic of the fields or geographical group of fields. (Figure 3a). The patches at a given level were
created by breaking down the patches at the upper level according to the characteristics given on the
left side of the figure. The letters represent the geographical groups of fields (see Figure 2) and the field
numbers (see Figure 2). Each patch is composed of a technical subsystem and a biophysical subsystem.
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Table 2. Results of the MCA analysis-contribution of the selected variables to the first axe of MCA.

Selected Variables Contribution to the First Axe of MCA

Geographical Group of Fields Scale
Soil type 0.779

Powdery mildew susceptibility 0.734

Frost risk 0.688

Field Scale

Leaves and branches development 0.8111

Primary bud development 0.339

Width of the inter-row 0.429

Vine moth susceptibility 0.109

3.4. Step 4: Formalization of the Technical Subsystem

To build the technical subsystem hierarchy, the associated management practices at each level were
reported along with information on decision-making processes as presented in Table 1. For example,
because harvesting methods were the same for the whole vineyard, harvest is reported at vineyard level.
Because the starting date for pruning was adjusted according to frost risk, pruning was positioned
at the frost risk level. The management practices were then reported as extrapolations across the
hierarchy in the lower levels and until the field level. For example, mechanical weeding was adjusted
at soil type level

3.5. Step 5: Formalization of the Biophysical Subsystem

The various indicators used to manage management practices were positioned and linked to
the management practices with which they were associated (Figure 4). These indicators have been
identified in Step 2. They are part of decision rules and therefore formalize interactions between
management practices and biophysical components. For example, the grapevine phenological stage
was needed at the frost risk level because the phenological stage was used by the farmer to manage
pruning at frost risk level. Another example, mechanical weeding was done when weeds were 0.15 m
high. A biophysical component ‘weed’ was thus positioned in each patch at the level defined by the
variable ‘weed’ and was characterized by the variable ‘height’.
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Figure 4. Figure 4 shows the hierarchical breakdown of the technical and biophysical subsystems on
the three first levels of organization at the end of Step 6. The interactions between the two subsystems
are represented for the three first levels in the hierarchy. Each interaction could be associated with a rule
linking a value or the state of the biophysical variable. Finally, Figure 4 shows also the establishment of
horizontal and vertical interactions among the technical subsystem and the biophysical subsystem for
the three first levels. Each arrow represents an interaction (which can be described by a decision rule)
between two crop management practices: continuous thin arrow = start; thin dotted arrow = report;
long dotted arrow = stop; continuous thick arrow = activate.

3.6. Step 6: Spatial and Temporal Interactions between Patches and Scaling Up and Down Across Levels

All interactions between patches and across organization levels were positioned in this step.
With regard to management practices, vertical interactions from higher levels to the lower levels were
reported (Figure 4 for the three first levels—Figure S1). For example, if mechanical weeding at soil
type level starts/stops, mechanical weeding starts/stops at frost risk level as well, with consequences
at the lower levels. This means that at levels lower than soil type (levels 2 to 9), a component (here,
mechanical weeding) and associated interactions were also reported.

For the biophysical subsystem, information on biophysical states of the vineyard system was
up-scaled from field level to higher levels. For example, at each level from the field to frost risk levels,
a phenological stage component was positioned (see Figure 4)—It aggregated information on the
phenological stage of the lower levels and was aggregated at the upper level. The aggregation process
from field to lower levels depends on each variable. For example, pruning was activated when one of
the fields—the earliest—reached a phenological stage threshold identified in the interview. Figure 4
shows that the height of the intercropped plant was the indicator used by the farmer to determine the
mechanical weeding starting date. At frost risk level, the phenological stage of the vine was used to
activate pruning. The HPD representation is only qualitative at this stage but if quantitative data is
needed, the aggregation method should be indicated.

Horizontal interactions between management practices at a given level of the hierarchy were
also formalized in this step (Figure 4). For example, mechanical weeding was activated by pruning at
frost risk level. Harvest deactivated or stopped mechanical weeding. Pre-pruning activated pruning.
Information on biophysical states of the vineyard system was up-scaled from field level to higher levels.

Finally, interactions between patches are strongly related to spatial pathways of performed
practices. In fact, the farmer used preferential spatial pathways to carry out management practices.
For example, for pesticide application, the winegrower begins with the group of fields E, followed
by groups A, B, C, D, F, G, H, J, K, L and ends with I (Figure 2). This means that regardless of the
hierarchical level, when management practices had to be performed on several patches at a given level,
the priority between patches was assigned according to the spatial position of patches. This was all
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the truer at field level. This example did not consider the ecological interactions related to pest and
disease dispersion, but this could be possible for another issue.

4. Discussion

4.1. Using the HPD Conceptualization to Support Conversion towards Organic Farming

The HPD theory was successfully applied to our case study to understand and formalize the
complexity of interactions within the farming system. In our case study, the farming system was
broken down from the farm to the field scale, with numerous levels and associated field characteristics
reflecting the complexity of farming system [2].

Considering our objective to support conversion towards organic farming, applying HPD theory
made it possible to identify specific elements to take into account for conversion. Converting to organic
farming implies no longer using synthetic chemicals. For vineyard systems, farmers must replace (i)
herbicides in the inter-row and the row with mechanical or manual weeding, (ii) mineral fertilization
with voluminous organic fertilization based on mineralization processes, (iii) chemical bud pruning
with manual or mechanical bud pruning, and finally, they must stop using (iv) chemicals against
powdery mildew, downy mildew and pests such as vine moths [18]. In our case study, the survey
revealed that only weeding in the inter-row was already performed following organic rules. The
other management practices as well as the biophysical indicators used to manage these practices
must also evolve [2]. Whereas chemical weeding under the row does not require weed growth to be
taken into consideration in a precise way, mechanical or manual weeding are started based on weed
growth several times during the production season. Similarly, shifting from chemicals to biocontrol
or sulfur/copper-based products is required to better take into account the various pest and disease
susceptibilities between fields to control pest and disease risk. In the hierarchy before conversion, weed
pressure under the row between fields or powdery mildew susceptibility are not used as management
indicators, even when there are known differences between fields (Figure 2). This is not the case for
vine moth susceptibility. Variations in bud development between fields was already taken into account,
which can facilitate changes for bud pruning. Thus, the conversion to organic farming will require
following at least two new biophysical indicators, weed pressure and powdery mildew susceptibility,
which can result in a higher number of levels in the hierarchy. HPD representation led to planning
for a more complex farming system due to the increased number of indicators for technical practice
management [2].

Applying HPD theory highlighted the specific position of certain fields in the farming system.
In this case study, two fields (field 1, group A and field 17, group I) differed from the others with
regard to several biophysical characteristics and associated management practices. In fact, they were
isolated quite high in the hierarchy (fields 1 at the third level of the hierarchy and field 17 at the
second level). These fields are isolated in terms of management and consequently are time-consuming.
Conversion towards organic farming in vineyard systems is a period of readjustment of the area
in production with regard to available labor [18]. Farmers often decrease the area in production
and vines are frequently removed in one or even two fields on the farm. In the case study, field 17
and potentially field 1 are good candidates to reduce labor requirements by decreasing the area in
production. Moreover, the removal of field 17 or field 1 could limit the number of technical management
sequences and the complexity of the farming system. Removing field 17 could therefore reduce the
number of soil patches in the farming system from four to three.

4.2. What the HPD Framework Brings to Farming System Redesign

Applying HPD theory to the farming system redesign, which ensured more sustainability, was
shown to be of significant added value because other technical system representations [3,9] do
not analyze farming system organization. In several studies, the design of innovative/sustainable
production systems first covers an evaluation of the performance of the current systems. This assessment
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often involves biophysical variables such as soil moisture content, organic matter evolution, or yield [6,7]
when the assessment is at field scale. These variables are frequently of a socio-economic nature when
the assessment is at the scale of the farm [8]. In both cases, the proposed alternatives in the design of
new systems aiming to improve the performance of those studied often have two important limitations:
(i) the variables used to select alternative activities for the newly designed innovative systems are
rarely multi-criteria (including production, biophysical, socio-economic criteria) [19] or multi-scale
combining variables at the level of cropping systems (yield, organic matter, etc.) and variables
at farm level (gross margin, labor, farm water consumption, etc.) [8,17], and ii) the selection and
feasibility of these alternatives are often limited to their agronomic and/or socio-economic performance
without accounting for organizational constraints over time in line with the management of current
activities [19,20]. HPD as applied here will allow us to overcome these two limits. The design of
innovative systems using HPD and considering the spatial organization of the studied systems will
make it possible to prioritize the systems not only according to biophysical and socio-economic criteria,
but also with regard to the logic of crop management intervention (grouped in patches) in relation to
the performance (e.g., yield) of these systems. On this basis, these criteria will be accounted for during
the implementation of the innovative systems [20].

5. Conclusions

The adaptation of HPD theory to farming systems from ecological theory is a novel way of
breaking down farming system complexity while maintaining the essential traits responsible for the
overall system performance and constraints at farm level. The HPD framework requires a detailed
analysis of the farming system and thorough interviews. However, it can improve the implementation
of alternative farming systems that take into account the farming system complexity and the analysis
of organizational changes. It is a novel way of integrating farm scale processes (e.g., organization
and resources), while keeping the essence of the biophysical field diversity. In this way, it allows up-
and down-scaling across farm and fields and between the socioeconomic and biophysical dimensions
of the farming systems. Furthermore, the ecological background of the method will also ensure
that the representation of the farming system proposed here will be compatible with the ecosystem
structuration and natural resources in interaction with farming systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/10/604/s1,
Figure S1: The whole hierarchical breakdown of the technical subsystem of the patches at the different levels of
organization of the cropping system.
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Abstract: The productivity of maize in Ethiopia has remained lower than the world average because
of several biotic and abiotic factors. Stemborers and poor soil fertility are among the main factors that
contribute to this poor maize productivity. A novel cropping strategy, such as the use of push-pull
technology, is one of the methods known to solve both challenges at once. A push-pull technology
targeting the management of maize stemborers was implemented in the Hawassa district of Ethiopia
with the ultimate goal of increased food security among smallholder farmers. This study evaluated
farmers’ perception of push-pull technology based on their experiences and observations of the
demonstration plots that were established on-farm in Dore Bafano, Jara Gelelcha and Lebu Koremo
village of the Hawasa district in 2016 and 2017. This study examined farmers’ perception of the
importance of push-pull technology in controlling stemborers and improving soil fertility and access
to livestock feed. In both cropping seasons, except for Jara Gelelcha, the maize grain yields were
significantly higher in the climate-adapted push-pull plots compared to the maize monocrop plots.
The majority (89%) of push-pull technology-practising farmers rated the technology better than their
maize production methods on attributes such as access to new livestock feed and the control of
stemborer damage. As a result, approximately 96% of the interviewed farmers were interested in
adopting the technology starting in the upcoming crop season. Awareness through training and
effective dissemination strategies should be strengthened among stakeholders and policymakers for
the sustainable use and scaling-up of push-pull technology.

Keywords: farmer’s perception; maize; push-pull technology; stemborer

1. Introduction

In Ethiopia, agriculture is the dominant economic sector that contributes 42% of the total gross
domestic product (GDP), employs approximately 83% of the population, is a source for more than
90% of export revenues, and provides raw materials for more than 70% of the country’s industries [1].
According to the World Bank [2] report, within the Ethiopian agricultural sector, 60% of income
comes from crop production, while 30% comes from livestock, and the rest (10%) comes from forestry
products. Smallholder farmers account for the largest share of agricultural production. The country
produces more maize than all other crops, accounting for more than 27% of production. Maize is
widely produced in almost all agro-ecologies with both rain-based and artificial irrigation systems.
Although the crop plays a leading role in maintaining food security with a high population growth,
productivity remains low with an average yield of 3.24 ton/ha compared to the world average of
4.5 ton/ha [3]. Maize productivity is limited by biotic and abiotic factors. Abiotic factors include
inefficient production methods, low soil fertility, drought, and small landholdings, while biotic factors
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include diseases, weeds and insect pests [4]. The stemborer insect pest can cause an average yield loss
of 20–50% and, in some cases, a complete loss of maize and sorghum crops in Ethiopia [5].

Stemborer moths lay eggs on maize that hatch into larvae that eat the maize leaves and burrow
into the stems as they grow. Hence, the stem borer eats the food that the maize plants would use
to produce grains. The economically important species of stem borers in Ethiopia include Busseola
fusca Fuller (Lepidoptera: Noctuidae), Chilo partellus (Swinhoe) (Lepidoptera: Crambidae) and Sesamia
calamistis Hampson (Lepidoptera: Noctuidae) [6]. A study that was conducted on the ecology of
the African maize stemborers also indicated that B. fusca occurs in all agro-ecological zones from the
lowland semi-arid and arid savannahs to the highland wet mountain forests in Africa and is one of the
most economically important species of the stemborers [7]. Cultural methods, such as intercropping
maize with beans and crop residue disposal, biological control methods, and host plant resistance and
insecticidal methods, have been recommended for the control of stem borers. These control methods
are either not effective or not affordable by farmers, hence, alternative stem borer control strategies are
necessary. As a response to this, the International Centre of Insect Physiology and Ecology (ICIPE) and
its partners have developed a novel cropping strategy, the push-pull technology, which can address
such efficacy and affordability constraints at once [8]. Push-pull technology is a system of biological
intensification that involves attracting gravid female stem borer moths with a trap plant, either Napier
grass or Brachiaria, along the border (pull) while driving them away (push) from the main crop,
either maize or sorghum, using a repellent intercrop of Desmodium [9].

Previous studies have shown that companion grasses (Brachiaria and Desmodium) can also provide
high-value animal fodder, thereby improving milk and meat production and diversifying farmers’
income sources [10]. Moreover, Desmodium is an efficient nitrogen-fixing legume that enhances soil
fertility, conserves soil moisture, and prevents soil degradation. Push-pull technology is appropriate,
environmentally friendly and fits well with resource-poor smallholder farmers of traditional
crop-livestock mixed farming systems as it uses locally available and adapted bio-resources [8].
Furthermore, recent studies in East Africa have demonstrated the effectiveness of push-pull technology
in controlling the invasive fall armyworm, Spodoptera frugiperda (J E Smith), in maize [11]. Push-pull
technology was introduced in early 2016 on 32 smallholder farmers’ fields in the area of the Hawassa
district as demonstration plots targeting the control of stem borers. All other practicing neighborhood
farmers in the villages have exercised and shared the knowledge on the implementation and importance
of the technology. Since the technology is new to the farmers in the district, they could have different
insights into its practical implementations and attributes. In this study, therefore, farmers’ perception
of push-pull technology was assessed and analyzed to evaluate the level of understanding of practicing
(demonstrating) and non-practicing (visiting) farmers based on observations and day-to-day follow-up
of the demonstration plots against their local farming practices. Therefore, this paper reports on the
assessments of farmers’ perception of push-pull technology, their awareness of the levels of yield
reduction caused by stem borers, and the control methods that the farmers were exercising.

2. Materials and Methods

2.1. Study Area

The experiment was conducted during the 2016 and 2017 cropping seasons. In the 2016 cropping
season, the study was conducted at two kebeles (kebele is the lowest administrative unit in Ethiopia),
Dore Bafano and Jara Gelelcha, in the Hawassa district of the Sidama zone in the South Nation,
Nationality and People Regional (SNNPR) State of Ethiopia. In 2017, the study was conducted in
four kebeles: Dore Bafano, Jara Gelelcha, Wudo Wotatie, and Lebu Koremo. The Hawassa district is
located 250 km from the capital, Addis Ababa, to the south following the main road to Kenya (Figure 1).
The soil type of the study areas is clay-loam with an average pH of 5.67; the elevation is 1709 masl with
a longitude of 38◦21.535′ E and latitude of 07◦01.921′ N. The annual total rainfall was 654 mm, while the
average annual temperature was 11.6 ◦C, calculated as averages from the data from 2000–2012.
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Figure 1. A map showing the Hawassa district and the study sites in Ethiopia.

2.2. Push-Pull Technology Demonstration Plots

As per the information from the agricultural office of the district, the Hawasa district ranks
first in the zone for its maize production area of approximately 11,000 hectares. Unfortunately,
maize is susceptible to production constraints such as insect pests, particularly stemborers, and loss
of soil fertility. This calls for easily accessible and appropriate integrated pest management (IPM)
technologies such as push-pull technology. Accordingly, through the IPM project in partnership with the
Ministry of Agriculture and Natural Resource (MoANR), the ICIPE established push-pull technology
demonstration plots in the two selected kebeles of the district beginning in May 2016. The sites were
selected in consultation with the zone and district agricultural experts and the development agents of
the two kebeles based on the potential productivity of maize and the presence of major constraints,
such as maize stem borers and low soil fertility. From all 23 kebeles of the district, Dore Bafeno and
Jara Gelelcha were selected as the implementation sites for the demonstration plots. A total of 32
model farmers, 16 from each kebele, were selected for the establishment of the demonstration and
control plots. The farmers were selected based on their willingness and readiness to adopt the new
technologies on their lands by setting selection criteria of having their land, experience in maize
cultivation and livestock ownership. All the selected farmers with their spouses (husband or wife),
the development agents and the agricultural experts were trained on the strategy and implementation
methods of push-pull technology.

After acquiring enough levels of awareness regarding the push-pull technology, the farmers
planted the demonstration and control plots with an average area of 900 square meters on their lands.
In the demonstration plots, maize was planted on average areas of 30 m by 30 m with 28 total rows,
40 cm spacing between maize plants and 80 cm spacing between the rows. The companion plants used
for the control of maize stem borers were the grass Brachiaria (Mulato-II) and the legume Greenleaf
Desmodium, Desmodium intortum (Mill.) Urb. Desmodium seeds were planted by broadcasting
between the maize rows. Desmodium produces a smell (semio-chemical) that stem borer moths do not
like, hence, it pushes the stem borers away from the maize and enhances soil fertility. Brachiaria was
planted in 3 rows surrounding the maize plots (40 cm between plants and by 40 cm between rows)
as a trap plant to attract stem borer moths, hence, the term pull [12,13]. Due to the incorporation of
drought-tolerant companion plants (Brachiaria cv mulato II and D. intortum), the push-pull system is
termed the climate–adapted push-pull system [13]. All the maize, Desmodium and Brachiaria seeds
were planted from 5–10 June 2016 on the same date at each plot with the support and close supervision
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of the development agents and ICIPE field technicians. Similarly, the control plots were also planted on
the same land area as the push-pull plots following the farmers’ conventional practices (without using
the companion plants). The control plots were used for checking and comparing the effectiveness and
importance of the technology to the farms’ conventional practices. In both the demonstration and the
control plots, the maize seed hybrid, fertilizer rate, and type and additional agronomic practices were
each applied as per the research recommendations for the area.

2.3. Data Collection

2.3.1. Maize Grain Yields

At physiological maturity, all the maize plants in each plot were harvested and the cobs sun-dried
separately for each plot (see Section 2.2 for description). Then, the cobs were shelled manually and the
maize grain sun-dried to 12% moisture content, and the grain weights were individually taken for
each plot and farmer. The grain weights were calculated per plot area harvested, and the yield data
converted to kg/hectare.

2.3.2. Survey Data Collection

The household survey data were conducted in the project kebeles from September to October 2016.
The data were collected from 71 (29 push-pull practising and 42 randomly selected non-practising)
farmers. The structured questionnaires were used to obtain information from the sampled farmers.
The questionnaires comprised questions including demographic details such as gender, age, education
level, and household size, the owner’s land size and the proportion of its area used for maize production.
The farmers’ awareness and perception of stem borer damage, cultural control methods and push-pull
technology were also included in the questionnaires. To promote their understanding of the levels
of stem borer damage, the farmers were asked to estimate the potential yield of their maize crops
(if no stem borer damage) compared with their actual harvested yield in the 2015–2016 crop season.
The questionnaires were pre-tested before starting the survey to check the consistency of the questions.
The data collection was conducted by trained enumerators using local languages under the close
supervision of researchers and supervisors.

2.4. Statistical Analysis

The data on the maize grain yields were averaged for each plot and farmer (each farmer being
a replicate), and comparisons between the climate-adapted push-pull technology and the farmers’
practice plots were analysed using t-tests. All statistical analyses were performed using MINITAB
16 statistical software.

The survey data were summarized, and descriptive statistics (means and percentages) were
calculated using the Statistical Package for Social Sciences (SPSS). The percentage of farmers who
gave similar responses to each question was calculated for each site. The surveys that did not contain
responses to certain questions were excluded from the calculations. In instances where a farmer
indicated more than one answer to a given question, the percentages were calculated for each group of
similar responses. The comparative statistical tools, such as chi-square and t-tests, were conducted to
assess the differences regarding the socio-demographics and farm characteristics and the knowledge
and perceptions of stemborers and their management practices. The level of significance was set at
0.05, and the means were separated by Tukey’s honestly significant difference (HSD) test.

3. Results

3.1. Maize Grain Yields

In all kebeles except for Jara Gelelcha in the 2017 cropping season, the maize grain yields were
significantly higher in the climate-adapted push-pull plots than in the maize monocrop plots (p < 0.05).

30



Agronomy 2019, 9, 452

In the 2016 cropping season, the maize yields ranged from 3359 to 3983 kg/ha in the climate-adapted
push-pull plots and from 2641 to 2960 kg/ha in the maize monocrop plots. In 2017, the season yields
ranged from 4761 kg/ha in Jara Gelecha to 6451 kg/ha in Dore Bafano in the climate-adapted push-pull
plots and from 4360 kg/ha in Lebu Koromo to 4721 kg/ha in Wudo Wotatie in the maize monocrop
plots (Figure 2).

Figure 2. The mean (±S.E.) grain yields of maize (kg/ha) planted in the maize monocrop or
climate-adapted push-pull stands in the Hawassa district in the 2016 and 2017 cropping season.

3.2. Socio-Economic and Farm Characteristics

The majority (80%) of both the push-pull technology (PPT)-practising and the non-practising
farmers were male. The age of the household head ranged from 24 to 73 years with an average of 42.5.
The family size of the households differed significantly between PPT-practising and non-practising
farmers with an average of 6.6 persons. Most farmers (94%) had some formal education with an
average of 5.15 years of education. The average farm size of the households was 1.15 hectares, while the
area used for maize production was 0.71 hectares (63.5%) (Table 1). The survey results indicated that
approximately 15% of the interviewed farmers grew fodder crops, such as Napier grass and Rhodes,
on their small plots, while the remaining majority (85%) of them collected feed from other sources,
such as crop residues from their farms (64%) or natural pastures (24%), or they purchased from other
farmers in the village (12%) (Table 1).
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The survey results indicated that the majority (approximately 97%) of PPT-practising and
non-practising farmers practised mixed, maize-based, crop-livestock farming systems, while 3.4%
of the farmers cultivated only crops, whereas the remaining households practised crop-livestock
production (Figure 3A). Maize ranked first both in its use as food (94.4%) and as a cash resource
(80.3%) (Figure 3B,C), whereas enset (Ensete ventricosum) was the second most important food crop in
supporting household food security (Figure 3B). Most PPT-practising and non-practising farmers gave
high ratings for farming constraints, such as maize stemborer damage (62.5%), the loss of soil fertility
(42.75%) and the lack of quality livestock fodder (34.85%), in the study areas (Table 2).

Table 1. Socio-economic characteristics of the respondents in the Hawassa district, Ethiopia.

Variable PPT-Practicing Non-Practicing Mean χ2 t-Test

N = 29 N = 42 N = 71

Gender
Male 86.2 73.8 80 1.582 ns

Female 13.8 26.2 20

Age 43.2 41.8 42.5 0.649 ns

Level of education (years) 4.6 5.7 5.15 −1.441 ns

Family size 7.2 6 6.6 2.841 **

Total land size 1.1 1.2 1.15 −1.030 ns

Total area of maize 0.62 0.80 0.71 −1.369 ns

Source of livestock feed (%)
Own fodder 62.1 66.7 64.4 2.6919 ns

Buy fodder 6.9 16.7 11.8
Free grazing fields 31.0 16.7 23.85

Statistically significant at * p < 0.05, **p < 0.01; ns = not significant.

Table 2. Farmers’ perception of farming constraints in the Hawassa district, Ethiopia.

Farming Constraints Response PPT-Practicing Non-Practicing Mean χ2

N = 29 N = 42 N = 71

Stemborer damage
Very high 31.0 38.1 34.55 0.412 ns

High 65.5 59.5 62.5
Low 3.4 2.4 2.9

Soil fertility problem
Very high 20.7 21.4 21.05 1.606 ns

High 37.9 47.6 42.75
Low 34.5 21.4 27.95
Not a problem 6.9 9.5 8.2

Shortage of livestock feed
Very high 34.5 54.8 44.65 5.950 ns

High 48.3 21.4 34.85
Low 13.8 21.4 17.6
Not a problem 3.4 2.4 2.9

ns = not significant.
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Figure 3. (A) Farming systems, (B) major food crops grown and (C) major cash crops grown in
push-pull technology (PPT)-practicing and non-practicing plots in the Hawassa district, Ethiopia.

3.3. Maize Stemborer Knowledge, Damage and Control Methods

All of the interviewed farmers knew stemborers by their local name, Santoo, and approximately
98.1% of them cited maize damage caused by stemborers in the last cropping season. All of the
farmers produced maize during the main/rainy season from June to September. The majority (80.8%)
of PPT-practising and non-practising farmers perceived that stemborer damage to their crops was
serious during the rain shortage. However, 17.5% of the interviewed farmers revealed that neither
rain shortages nor long-term rain had any effect on the occurrence of stem borer damage (Table 3).
The survey results indicated that stemborers reduced the average maize yield by approximately
29.3%, comparing the estimated yield with the actual harvested maize yield in the 2015 cropping
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season. This was computed from 2.15 ton/hectare of actual harvested maize with 3.0 ton/hectare of
potential maize yield estimated by farmers if there were no stemborer damage. Approximately 86% of
PPT-practising and non-practising farmers practised different stemborer control methods. The methods
used by the farmers included timely planting (34.05%), insecticide applications (20.4%), the application
of wood ash (16.8%), up-rooting damaged stems (14.55%) and intercropping with other legume crops
(1.7%) (Table 3). Farmers mentioned that of all the methods used were neither affordable nor consistent
in controlling stemborer damage.

Table 3. Farmers’ knowledge and perceptions of stemborer in the Hawassa district, Ethiopia.

Variables PPT-Practicing Non-Practicing Mean χ2 t-Test

N = 29 N = 42 N = 71

Know stemborer (Yes) 100 98.0 99.3 2.013 ns

Encountered stemborer damage (Yes %) 98.2 98.0 98.1 6.003 *

A season where stemborer is serious
Long rain 3.4 0.0 1.7 2.068 ns

Short rain 75.9 85.7 80.8
All-season 20.7 14.3 17.5

Expected maize yield (kg/ha)
If no damage by stemborer 2670 3230 2950 4.969 ns

Infested by stemborer 1910 930 1420 4.462 ns

The severity of stemborer damage
Very high 31 38.1 34.55 0.412 ns

High 65.5 59.5 62.5
Low 3.4 2.4 2.9

Pest control method
Insecticide spray 24.1 16.7 20.4 9.393 ns

Timely planting 27.6 40.5 34.05
Intercropping 3.4 0.0 1.7
Wood ash 24.1 9.5 16.8
Uprooting damaged stem 17.2 11.9 14.55
No control 3.4 21.4 12.4

Have you heard/know as PPT control
stemborer damage? (Yes %) 100 100 100

Interested to adopt PPT (Yes %) 79.3 95.2 87.3 4.253 *

Statistically significant at * p < 0.05; ns = not significant.

3.4. Farmers’Perceptionof Push-Pull Technology

The majority of the PPT-practising farmers gave high ratings to the PPT technology compared to
their maize production practices (Table 4). These perceptions were based on the major attributes of
the technology, such as access to new livestock feed (Desmodium and Brachiaria) (51%), the control
of stemborer damage (by observing holes on the maize stems and or leaves) (41%), the improved
soil fertility (by observing changes in soil colour and moisture) (6%) and erosion control (through
observations of reduced run-off) (3%) (Figure 4A). Although the push-pull technology is new in
the district, an average of 87% of the interviewed farmers were interested and ready to practice the
push-pull technology on their land starting in the upcoming crop season based on their perception of
the multiple benefits of the push-pull technology. On the other hand, a few (13%) farmers were still
hesitating to adopt push-pull technology mainly because of the shortage of cultivable land (7%) and
fear of taking risks of using an unknown technology (4%) (Table 3). Most (45%) interviewed farmers
mentioned that the implementation of the push-pull technology decreased workload, while other
farmers reported no change (28.2%) or an increased (26.8%) workload during field management,
including land preparation and weeding, compared to their maize cultivation methods (Figure 4B).
Some farmers also suggested that the technology demanded more labour for the construction of fences
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to protect the perennial companion grasses from damage caused by free-grazing livestock after the
crops were harvested.

Table 4. Push-pull technology practicing farmer’s perceptions on PPT in the Hawassa district, Ethiopia.

Technology Attributes Observed Frequency Percent

Controls stemborer
Very high 32 45.1
High 32 45.1
Lower 6 8.5
No 1 1.4

Increased maize grain yield
Very high 20 28.2
High 45 63.4
Lower 4 5.6
No 2 2.8

Increases fertility
Very high 21 29.6
High 38 53.5
No change 9 12.7
Reduced fertility 3 4.2

Provides fodder
Very high 44 62
High 23 32.4
Lower 4 5.6

Increased milk production
Very high 25 35.2
High 9 12.7
Lower 2 2.8
No change 2 2.8

Figure 4. Cont.
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Figure 4. Farmers’ perception of (A) motivating factors for adoption of the push-pull technology and
(B) workload in implementing push-pull technology in the Hawassa district, Ethiopia.

4. Discussion

The average family size of the households in the study area was 6.6, which is greater than the
national average of 5 persons [1]. Previous research findings indicate that family and landholding
size have a significant and positive influence on a households’ decisions to employ new agricultural
technologies that are particularly targeted towards smallholder farmers because of the requirement
for more family labour. In this study, a larger family size, therefore, indicates a potential for the
sustainability of the push-pull technology because of access to more family labour. The average
landholding size of the households was 1.15 hectares per household, where the majority (63.5%) of
farmers allocated a larger portion of the average area, 0.71 hectares, to maize production. Maize
has vital importance as both a food (94%) and cash (80%) crop sold either as green cobs or grains
for household use. This is consistent with the study by Below et al. [14], which stated that maize
producers in Ethiopia are mostly smallholder subsistence farmers in both land size and production
volume. The reasons for the maize dependency of the households was not only from their farming
preferences but also from their limited land size to cultivate other crops. Usually, households with
a larger area of maize are relatively more food secure and are more concerned with adopting and using
proper technologies.

The study area was characterized by rain-fed (bimodal, with short rain from February to April and
long rain from June to September), crop-livestock, mixed farming systems that were mainly recognized
by mono-cropping patterns with dominant maize cultivation. Crop production is the main source of
food and income for households. The farmers cited that livestock provided not only milk, meat and
draft power for the household, but also sources for manure that can improve soil fertility. This can be
considered a better option for strategies that enhance maize productivity, as push-pull companion
plants (Desmodium and Brachiaria) could be an important source of animal feed [15].

Farmers rated stemborers as their most important constraint limiting maize production. However,
other challenges, such as the lack of quality livestock feed, the loss of soil fertility and run-off, were also
reported by farmers. All these constraints can be solved by the novel, push-pull technology at once [9].
These attributes of the technology-initiated farmers to adopt the technology on their farms starting
with the next cropping season. The farmers estimated that stemborers can reduce the estimated
maize yield by approximately 29.3% compared with actual harvested yields in the 2015–2016 cropping
season. This result is consistent with Getu et al. [5] study on the level of damage caused by stemborers,
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which was an average of 20–50% maize yield loss in Ethiopia. Similarly, a study by Groote et al. [16]
also showed that the average maize yield loss caused by stemborer damage was estimated to be 20–40%
in Africa.

In the study area, only approximately 20% of farmers applied chemicals for stemborer control,
whereas 80% used chemical-free cultural methods, including timely planting, the application of wood
ash, the up-rooting of damaged maize stems and intercropping with other legume crops. Similarly,
a study conducted by Oben et al. [17] reported the use of different cultural methods, such as wood
ash and botanicals, for the control of maize stem borers in Cameroon. In addition, Tefera [18]
also indicated that intercropping and crop rotation of cereals with legumes decreased the incidence of
pests, which resulted in increased yields. As a result, farmers held a positive attitude that the push-pull
technology was the best fit for their maize cultivation and livestock management practices through
their observations of the demonstration plots on field days and their frequent visits. A study conducted
by Khan et al. [8] also showed that such attitudes were found to positively and significantly influence
the likelihood of farmers adopting the technology.

Labour is an important factor of production in crop cultivation and is one of the main constraints
in the adaptation of new technologies [19]. In this study, about 27% of farmers reported that the
technology required more labour during land preparation, plantation and weeding activities compared
to their conventional practices. Women and children were often subjected to weeding the companion
grasses. In this regard, a study by Khan et al. [20] revealed that push-pull technology increased the cost
of labour during the initial cropping season due to the extra labour required for the planting and hand
weeding of Desmodium and Brachiaria compared to the farmers’ conventional practices. However,
45% of farmers appreciated that the technology decreased the farm labour required, particularly after
the first weeding of the maize field since Desmodium covers the soil and reduces/suppresses the
presence of weeds. This result corroborates earlier findings that push-pull technology begins to yield
benefits in terms of increased production and decreased labour demand in the second and third years
after its establishment [12,21].

5. Conclusions

The findings of the present study demonstrate that stemborers and poor soil fertility are among
the main factors that contribute to poor maize productivity in the study areas. In both cropping
seasons, except for Jara Gelelcha, better maize grain yield was obtained from the climate-adapted
push-pull plots than in the maize monocrop plots. Furthermore, most push-pull technology-practicing
farmers perceived that push-pull technology is better than their practices due to the different attributes
of climate-adapted push–pull technology. Given its multiple benefits, the climate adapted push-pull
technology has great potential to positively impact the livelihoods of smallholder farmers in the
region [12,21]. However, the dissemination of the climate adapted push-pull technology to reach
more and more farmers requires strong partnerships among different practitioners/actors such as
farmers, researchers, non-government organizations (NGOs), the Ministry of Agriculture, agricultural
universities and seed companies.

Author Contributions: Conceptualization, T.T., T.K., E.M.; methodology, T.K., M.K., T.T., B.E., E.M.; data analysis,
E.M., T.K.; investigation, T.K., T.T., B.E., E.M.; writing—original draft preparation, T.K., T.T., E.M.; writing—review
and editing, E.M., M.K., T.T.; funding acquisition, T.T.

Funding: This research was funded by the USAID Feed the Future IPM Innovation Lab through Virginia Tech.,
Cooperative Agreement No. AID-OAA-L-15-00001.

Acknowledgments: We gratefully acknowledge the financial support provided by the UK’s Department for
International Development (DFID); the Swedish International Development Cooperation Agency (Sida); the Swiss
Agency for Development and Cooperation (SDC); the Kenyan Government and Ethiopian Government. The views
expressed herein do not necessarily reflect the official opinion of the donors. The authors acknowledge the farmers
who participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

37



Agronomy 2019, 9, 452

References

1. CSA (Central Statistical Authority). Federal Democratic Republic of Ethiopia Central Statistical Agency Agricultural
Sample Survey (2009/10), Report on Area and Production of Crops; CSA: Addis Ababa, Ethiopia, 2010; Volume I.

2. World Bank. Ethiopia-Accelerating equitable growth—country economic memorandum (Vol. 2): Thematic
chapters (English). World Bank: Washington, DC, USA, 2007. Available online: http://documents.worldbank.
org/curated/en/949951468030574203/Thematic-chapters (accessed on 10 February 2019).

3. CSA (Central Statistical Authority). Federal Democratic Republic of Ethiopia Central Statistical Agency Agricultural
Sample Survey (September–December, 2011), Report on Land Utilization (Private Peasant Holding, Meher Season;
CSA: Addis Ababa, Ethiopia, 2012; Volume IV.

4. Geta, E.; Bogale, A.; Kassa, B.; Elias, E. Productivity and efficiency analysis of smallholder maize producers
in southern Ethiopia. J. Hum. Ecol. 2013, 41, 67–75. [CrossRef]

5. Getu, E.; Overholt, W.A.; Kairu, E. Status of stemborers and their management in Ethiopia. In Proceedings of
the Integrated Pest Management Conference, Kampala, Uganda, 8–12 September 2002.

6. Getu, E.; Overholt, W.A.; Kairo, E. Distribution and species composition of stem borers and their natural
enemies in maize and sorghum in Ethiopia. Insect Sci. Appl. 2001, 21, 353–359.

7. Calatayud, P.A.; Le Ru, B.P.; Van den Berg, J.; Schulthess, F. Ecology of the African maize stalk borer, Busseola
fusca (Lepidoptera: Noctuidae) with special reference to insect-plant interactions. Insects 2014, 5, 539–563.
[CrossRef] [PubMed]

8. Khan, Z.R.; Amudavi, D.M.; Midega, C.A.O.; Wanyama, J.M.; Pickett, J.A. Farmers’ perceptions of a ‘push–pull’
technology for control of cereal stemborers and striga weed in western Kenya. Crop Prot. 2008, 27, 976–987.
[CrossRef]

9. Cook, S.M.; Khan, Z.R.; Pickett, J.A. The use of “Push-pull” strategies in integrated pest management.
Ann. Rev. Entomol. 2007, 52, 375–400. [CrossRef] [PubMed]

10. Midega, C.A.O.; Khan, Z.R.; Berg, J.V.D.; Ogol, K.P.O.; Pickett, J.A.; Wadhams, L.J. Maize stemborer
predator activity under ‘push-pull’ system and Bt-maize: A potential component in managing Bt resistance.
Int. J. Pest Manag. 2006, 52, 1–10. [CrossRef]

11. Midega, C.A.O.; Pittchar, J.O.; Pickett, J.A.; Hailu, G.W.; Khan, Z.R. A climate-adapted push-pull system
effectively controls fall armyworm, Spodoptera frugiperda (J E Smith), in maize in East Africa. Crop Prot. 2018,
105, 10–15. [CrossRef]

12. Khan, Z.R.; Midega, C.A.O.; Amudavi, D.M.; Hassanali, A.; Pickett, J.A. On-farm evaluation of the ‘push–pull’
technology for the control of stemborers and striga weed on maize in western Kenya. Field Crops Res. 2008,
106, 224–233. [CrossRef]

13. Midega, C.A.O.; Bruce, T.J.A.; Pickett, J.A.; Pittchar, J.O.; Murage, A.; Khan, Z.R. Climate-adapted companion
cropping increases agricultural productivity in East Africa. Field Crops Res. 2015, 180, 118–125. [CrossRef]

14. Below, T.; Artner, A.; Siebert, R.; Sieber, S. Micro-level Practices to Adapt to Climate Change for African Small-scale
Farmers; IFPRI Discussion Paper No. 953; International Food Policy Research Institute: Washington, DC, USA,
2010.

15. Khan, Z.R.; Pickett, J.A. The ‘push–pull’ strategy for stemborer management: A case study in exploiting
biodiversity and chemical ecology. In Ecological Engineering for Pest Management: Advances in Habitat
Manipulation for Arthropods; Gurr, G.M., Wratten, S.D., Altieri, M.A., Eds.; CABI Publishing: Wallingford, UK,
2004; pp. 155–164.

16. De Groote, H.; Overholt, W.; Ouma, J.O.; Mugo, S. Assessing the potential impact of Bt maize in Kenya using
a GIS model. In Proceedings of the International Agricultural Economics Conference, Durban, South Africa,
16–22 August 2003.

17. Oben, E.O.; Ntonifor, N.N.; Kekeunou, S.; Abbeytakor, M. Farmers knowledge and perception on maize stem
borers and their indigenous control methods in south western region of Cameroon. J. Ethnobiol. Ethnomed.
2015, 11, 77. [CrossRef] [PubMed]

18. Tefera, T. Farmers’ perceptions of sorghum stem-borer and farm management practices in eastern Ethiopia.
Int. J. Pest Manag. 2004, 50, 35–40. [CrossRef]

19. White, D.S.; Labarta, R.A.; Leguía, E.J. Technology adoption by resource-poor farmers: Considering the
implications of peak-season labor costs. Agric. Syst. 2005, 85, 183–201. [CrossRef]

38



Agronomy 2019, 9, 452

20. Khan, Z.R.; Midega, C.A.O.; Bruce, T.J.A.; Hooper, A.M.; Pickett, J.A. Exploiting Phyto-chemicals for
developing a ‘push–pull’ crop protection strategy for cereal farmers in Africa. J. Exp. Bot. 2010, 61, 4185–4196.
[CrossRef] [PubMed]

21. Kassie, M.; Stage, J.; Diiro, G.; Muriithi, B.; Muricho, G.; Ledermann, S.T.; Pittchar, J.; Midega, C.; Khan, Z.
Push–pull farming system in Kenya: Implications for economic and social welfare. Land Use Policy 2018, 77,
186–198. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

39





agronomy

Article

Impact of Different Shading Levels on Growth, Yield
and Quality of Potato (Solanum tuberosum L.)

Vanessa S. Schulz 1,*, Sebastian Munz 1, Kerstin Stolzenburg 2, Jens Hartung 1,

Sebastian Weisenburger 2 and Simone Graeff-Hönninger 1

1 Department of Agronomy (340), Institute for Crop Science, University of Hohenheim, 70599 Stuttgart,
Germany; s.munz@uni-hohenheim.de (S.M.); moehring@uni-hohenheim.de (J.H.);
simone.graeff@uni-hohenheim.de (S.G.-H.)

2 Centre for Agricultural Technology Augustenberg (LTZ), 76287 Rheinstetten-Forchheim, Germany;
Kerstin.Stolzenburg@ltz.bwl.de (K.S.); Sebastian.Weisenburger@ltz.bwl.de (S.W.)

* Correspondence: V.Schulz@uni-hohenheim.de; Tel.: +49-721-9518-216

Received: 17 April 2019; Accepted: 18 June 2019; Published: 21 June 2019

Abstract: In agroforestry systems (AFS), trees shade the understory crop to a certain extent. Potato
is considered a shade-tolerant crop and was thus tested under the given total solar irradiance and
climatic conditions of Southwestern Germany for its potential suitability in an AFS. To gain a better
understanding of the effects of shade on growth, yield and quality; a three-year field experiment
with different artificial shading levels (12%, 26% and 50%) was established. Significant changes in
growth occurred at 50% shading. While plant emergence was not affected by shade, flowering was
slightly delayed by about three days. Days until senescence also showed a delay under 50% shade.
The number of tubers per plant and tuber mass per plant were reduced by about 53% and 69% under
50% shade. Depending on the year, tuber dry matter yield showed a decrease of 19–44% at 50% shade,
while starch content showed no significant differences under shade compared to unshaded treatment.
The number of stems per plant, plant height and foliage mass per plant as well as tuber fraction, black
spot bruise and macronutrient content were unaffected. Overall, potato seems to tolerate shading
and can therefore be integrated in an AFS, and can cope with a reduced total irradiance up to 26%.

Keywords: potato (Solanum tuberosum); shade; light; yield; growth; quality

1. Introduction

Due to increasing pressure on cultivated land, intercropping systems may provide an alternative
option of economic and environmental interest in temperate regions. Research on temperate
intercropping peaked in the 1980s, and was focused on the promotion of sustainable agricultural
management strategies [1,2]. These past studies presented intercropping systems as ecologically
advantageous when compared to monocultures. Intercropping allows more efficient use of land
area, changes the microclimate, improves the biodiversity, offers economic diversity, creates wildlife
habitats, and minimizes climate variabilities [3–5]. Within the past decade, research on temperate
intercropping has increased because it is considered as an effective strategy to mitigate food insecurities
and agriculture-related environmental degradation of land and water. This increased interest is partially
associated with recent technological advancements, which improve the labor efficiency potential of the
practice [6].

A special form of intercropping is the agroforestry system (AFS). These systems combine an annual
agricultural component (crop or livestock production) with a perennial woody component (trees,
hedgerows) at the same time on the same area of land [7–9]. The advantages of AFS include increased
carbon sequestration, improved water regulation, better soil fertility, reduced erosion, and additional
aesthetic value [10–13]. However, in most silvoarable agroforestry systems (a combination of annual
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crop production with woody perennials), competition not only exists aboveground (competition for
light), but also comes from belowground (competition for soil moisture and nutrients), both of which
may lead to lower crop yields.

Worldwide, there are numerous options for combining trees and crops in AFS (e.g., alley cropping,
forest farming, riparian buffer, silvopasture or windbreaks) [14]. However, most of these systems show
a reduction in crop yields due to tree competition, especially when the plantation design is too dense.
An example of an AFS is apple trees (Malus pumila Mill.) with soybean (Glycine max L. Merr.) and
peanut (Arachis hypogaea L.) in the Loess Plateau region of China. The yields were reduced by about
3–4% in 2.5 m distances to the tree trunk, respectively [15]. An AFS of jujube trees (Ziziphus jujube Mill.)
and wheat (Triticum aestivum L.) in northwest China showed a grain yield reduction of 18% under
4-year-old trees planted with a row distance of 6 m, and a yield reduction of 30% under 6-year-old
trees planted with a 3 m row distance compared with the unshaded control [16]. Other experiments
with maize (Zea mays L.) and beans (Phaseolus spp. L.) grown between 15 m wide rows of Paulownia
trees (Paulownia elongate S. Y. Hu) showed reduced grain yields of 32% and 37%, respectively [17].
Rice (Oryza sativa L.) or wheat grown in a 20 m x 20 m field in Western Himalaya together with one
row of Grewia optiva (J.R. Drumm. ex Burret), Morus alba (L.) or Eucalyptus spp. hybrids (L’Hér.) in
the center of the field, reduced yields of rice by 28–34% and of wheat by 28–29% compared with the
control without trees [18]. Beans (Phaseolus vulgaris L.) grown under Timor Mountain Gum (Eucalypthus
urophylla S.T. Blake) in Brazil showed significantly reduced bean yields of almost 50% [19].

Most of these studies examined the reduction of incident radiation as the main factor for reduced
yields [15,18,20,21], thus studying the use of shade tolerant crops in an AFS could be advantageous.
Such crops are able to reach their light saturation point at lower total solar irradiance, have a better
yield performance under shade, and therefore, can be grown in an AFS.

Potato (Solanum tuberosum L.) is known to be a shade-tolerant crop. As a C3 plant, potato needs
moderate irradiance conditions [22]. Its light saturation point for photosynthetically active radiation
(PAR) is considered to be around 400 μmol m−2 s−1, which corresponds to 14.86 MJ m−2 day−1 [23].
Especially in tropical and subtropical zones (0–23.5◦ N/S and 23.5–40◦ N/S latitude) where potato can
be grown throughout the year and radiation is up to 30 MJ m−2 day−1, potato is quite often integrated
in an AFS. Studies from Nigeria, Kenya and South Asia show only minor effects on yield by tree
shading in AFS.

An experiment in Nigeria showed that growing potato (Solanum tuberosum L.) between rows
of rattle trees (Albizia lebbeck L. Enth.) increased the tuber yield and the number of tubers [24].
Under unfertilized, open field conditions in Kenya, potatoes also obtained higher yields in an AFS
with Eucalyptus grandis (W. Hill ex Maiden) [25]. An Indonesian experiment that used artificial shading
showed that plant height and tuber yield increased under 50% light reduction, compared with full
sunlight. The height of some potato cultivars was affected by artificial shade [22]. Such changes in
plant height represent a shade avoidance response, with plant height increasing under shade to reach
more light. This stimulates the plants and leads to height growth and elongation to obtain more
irradiation [26]. In Egypt, taller plants were obtained under colored nets in comparison to the open
field [27]. Earlier experiments in Egypt on potatoes found that potatoes grown under low irradiance
were taller, but the tubers were smaller and irregularly shaped. Furthermore, the tuber dry weight was
reduced under low light conditions [28].

It has been proven that the duration of each potato growth phase determines the later yield [29].
In the tropics and subtropics, there is still enough radiation (even under shady AFS conditions) available
to reach the light saturation point of potato. However, it might not be reached at higher latitudes.
In the temperate zone of Europe where the growing season lasts from March to October, the amount of
radiation available is between 10–20 MJ m−2 day−1 [30]. Since light has a decisive influence on plant
growth, yield is reduced by shade and lower total solar irradiance in higher latitudes, while in lower
latitudes competition for water and nutrients has a major effect. So far, little research is available on
the impact of shady conditions at higher latitudes on the growth, yield and quality of potato in an

42



Agronomy 2019, 9, 330

AFS under non-tropical conditions. In the few studies on AFS with potatoes in temperate (potatoes
and hazel (Corylus avellane (L.)) and subarctic zones (potatoes and willow (Salix sp. (L.)), experiments
have mainly focused on potato cultivation beside windbreaks [31–33]. Beside these windbreaks, other
abiotic factors such as wind reduction, reduced soil evaporation, reduction of mechanical stimulus
(e.g., twisting of plants) have an influence on growth and yield, and water and nutrients are also
affected. In an AFS, these interactions make it difficult to determine the influence of shade. Therefore,
the influence of shade has to be determined by artificial shading.

The objectives of this study were to evaluate the impact of four different shade levels (0%, 12%, 26%
and 50%) on potato growth, tuber yield and quality parameters under the given total solar irradiance
of Southwestern Germany. The determined threshold could be an indicator for farmers as to which
level of shade potato cultivation might be profitable. Fertilization or irrigation can compensate for
some limitations, but a reduction in light cannot be mitigated.

2. Materials and Methods

2.1. Site Conditions and Experimental Design

The field experiment was carried out from 2015 to 2017 in Southwest Germany at the Centre for
Agricultural Technology Augustenberg (LTZ) in Rheinstetten-Forchheim (48◦58′ N, 8◦18′ E, 117 m
above sea level). The site is located in the lower Rhine valley on a Luvisol (60.2% sand, 13.7% clay and
26.1% silt) soil. The mean long-term annual precipitation was 742 mm and the average temperature was
10.1 ◦C (1981–1990). During the main growing season at this site (April to October), the mean average
total solar irradiance from 2009 to 2017 amounted to 17 MJ m−2 day−1. Weather data were collected in
a linear distance of 270 m from the experimental site. Total solar irradiance was measured by a SCAPP
(scanning pyrheliometer and pyranometer, Fa. Siggelkow Gerätebau, Hamburg). The monthly air
temperature averages, cumulative precipitation and average total solar irradiance for the experimental
years are given in Figure 1. In all of the experimental years, the previous crop was winter barley.
Different green manure crops were incorporated in the potato experimental plots during the winter
months of each experimental year. Green manure crops included 25 kg ha−1 Sinapsis alba L. in 2014/2015,
18 kg ha−1 flower mixture (FAKT M2, BSV Saaten; 20.0% leguminosae, 6.0% rough leguminosae, 27.5%
herbs, 46.5% others [34]) in 2015/2016 and 25 kg ha−1 Raphanus sativus L. cv. ‘Denfender’ in 2016/2017.

On 20 September 2014 (day of the year (DOY) 263), primary tillage was done with a moldboard
plough (25 cm depth). Potatoes were planted on 16 April 2015 (DOY 106), 13 April 2016 (DOY 104)
and 13 April 2017 (DOY 103) after secondary tillage with a chisel plow (15 cm depth). The mid-early
potato variety ‘Selma’ (Solanum tuberosum L., Bavaria Saat) was planted with a row distance of 0.75 m
and an intra-row distance of 0.35 m, which resulted in four plants per m2. The experimental design
was a randomized complete block design with three replicates. Plots were 10 m long and 6 m wide,
consisting of a total of 8 rows per plot. Core plots for tuber harvest were 8 m long and 1.5 m wide,
including two rows and leaving three rows on the left and right as a border. Planting depth was 5 cm.
Hoeing and earthing up was done prior to pre-emergence herbicide application. Amount of fertilizer
was calculated based on nutrient removal. The date, amount and type of fertilizer is shown in Table 1.
Fertilization was done by a pneumatic centrifugal spreader (RAUCH AERO 2212, Sinzheim, Germany).
Plant protection was done based on the risk assessment of the online tool ‘ISIP’ [35]. The amount and
type of pesticides are given in Table A1 in the Appendix A. Plant protection was conducted according
to the codes of “Good Agricultural Practice in Plant Protection and Fertilization” [36]. Irrigation
was done by an overhead irrigation-gun on 29 May 2015 (DOY 149), 29 June 2015 (DOY 180), 7 July
2015 (DOY 188), 16 July 2015 (DOY 197), 3 August 2015 (DOY 215), 7 July 2016 (DOY 189), 13 July
2016 (DOY 195), 29 July 2016 (DOY 211), 12 August 2016 (DOY 225), 31 August 2016 (DOY 244),
31 May 2017 (DOY 151), 20 June 2017 (DOY 171) and 4 July 2017 (DOY 185), with 30 mm of water
at each irrigation event. The irrigation was based on the recommendations of the online irrigation
tool, ‘Agrowetter’ [37]. Harvest was conducted using a one-row potato elevator-digger (Niewöhner
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Wühlmaus, Weimar, Germany) on 8 September 2015 (DOY 251), 6 September 2016 (DOY 250) and 6
September 2017 (DOY 249).

Figure 1. The monthly cumulative precipitation (mm, blue bars), mean air temperature (◦C, solid, red
line) and average total solar irradiance (MJ m−2 day−1, filled, black circles) during the experimental
years 2015 to 2017 at Rheinstetten-Forchheim.

Table 1. Date, amount, active ingredient and pure nutrient amount of the applied fertilizer. The day of
the year (DOY) is given in parentheses beneath the corresponding date.

Date Fertilizer Active Ingredient Pure Nutrient

16 April 2015
(DOY 106)

130 kg ha−1 lime-nitrogen 20% N, 50% CaO 26 kg N, 46 kg Ca

300 kg ha−1 ALZON46 46% N 138 kg N

600 kg ha−1 potassium sulfate with
magnesium

23% P2O5, 9% S 60 kg P, 54 kg S

200 kg ha−1 superphosphate 18 18% P2O5, 12% S 16 kg P, 24 kg S

11 April 2016
(DOY 102) 350 kg ha−1 lime-nitrogen 20% N, 50% CaO 70 kg N, 125 kg Ca

12 April 2016
(DOY 103)

260 kg ha−1 calcium ammonium nitrate 27% N 70 kg N

450 kg ha−1 superphosphate 18 18% P2O5, 12% S 35 kg P, 54 kg S

1110 kg ha−1 sulphate of potash
containing magnesium salt

30% K2O, 10% MgO,
17% S

276 kg K, 67 kg
Mg, 189 kg S

13 April 2017
(DOY 103)

260 kg ha−1 ALZON46 46% N 120 kg N

970 kg ha−1 sulphate of potash
containing magnesium salt

30% K2O, 10% MgO,
17% S

242 kg K, 58 kg Mg,
165 kg S

27 April 2017
(DOY 117) 390 kg ha−1 superphosphate 18 18% P2O5, 12% S 31 kg P 47 kg S

2.2. Shading Levels

Shading was created by nets which reduced the incoming solar radiation by 12%, 26% and 50%.
The different shading levels were compared with full sunlight (0% shade). The nets were made of
polyethylene and had different mesh sizes to create the different shading levels. The 12% net had a
mesh size of 3 × 8 mm and was black; the 26% net had a mesh size of 12 × 12 mm and was green, and
the 50% net had a mesh size of 3 × 3 mm and was green (AGROFLOR Kunststoff GmbH, Wolfurt,
Austria). Nets were installed at the time of potato emergence (growth stage (GS) 009 according to [38]),
on 20 May 2015 (DOY 140), 10 May 2016 (DOY 131) and 9 May 2017 (DOY 129). Nets were clipped on
to steel wires, which were connected between wooden posts. The height of the nets could be adapted
to the plant growth, and to 1 or 2 m in height. A distance of 0.5 m between the nets and canopy surface
was guaranteed. Further information about the experiment layout can be found in Schulz et al. [39].
Table 2 shows the total incoming daily solar irradiance at the experimental site from the time of the
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potato crop emergence (Growth Stage (GS) 009) to the tuber harvest (GS 909) for each experimental
year and the theoretically reduced incoming total solar irradiance under the shading nets.

Table 2. The calculated total solar irradiance for the shading treatments during the period without
shading (-S, planting growth stage (GS) 000 to emergence GS 009), the period with shading (+S,
emergence GS 009 to harvest GS 909) and the whole growing period (GP, planting GS 000 to harvest GS
909) (MJ m−2 day−1), the duration of these time periods (days) is given in parentheses.

Total Solar Irradiance (MJ m−2 day−1)

Year 2015 2016 2017

Time
Period

-S
(26)

+S
(112)

GP
(138)

-S
(26)

+S
(121)

GP
(147)

-S
(32)

+S
(115)

GP
(147)

Shading level

0%

18.52

20.22 19.90

17.70

19.15 18.90

14.87

20.13 18.96

12% ‡ 17.80 17.93 16.86 17.00 17.72 17.08

26% ‡ 14.97 15.64 14.17 14.80 14.90 14.89

50% ‡ 10.11 11.70 9.58 10.01 10.07 11.14
‡ values for +S were calculated by subtracting the light reduction by nets from the measured total irradiance at
0% shade.

2.3. Data Collection and Analysis

2.3.1. Growth Parameters

In 2015, no growth parameters were determined; only the tuber dry matter yield and quality
were determined. During the vegetation periods 2016 and 2017, destructive and non-destructive
measurements were done. Growth stages according to the BBCH-scale were determined twice a
week [40]. Potato plant height measurements were obtained every week during the emergence stage
(GS 009) through to tuber formation (GS 405) on four plants per plot. Plant height was determined
using a meter stick to measure the highest point of the soil surface to the highest point of the plant
canopy. When the potato plant flowers, the stem and leaves have reached their maximum growth (GS
405), and tubers have reached 50% of their final mass (GS 625) [33–35]. Due to the high workload at GS
405/625, two plants per plot were randomly selected from the 3rd or 6th row and harvested for further
observations. The observed parameters were stems per plant, tubers per plant, tuber mass per plant,
total foliage mass per plant (including all above ground biomass; leaves, stem, flowers, berries), the
ratio between foliage and tuber mass, total mass per plant and the harvest index (HI). Leaf area (LA)
was determined using Equation (1):

LA = LL·LW·0.55, (1)

where LL is the leaf length from leaf tip to leaf attachment at stem, LW is the maximum leaf width and
0.55 is a constant [41]. Leaf length and the width of a leaf from the middle leaf layer were measured
with a meter-stick. The leaf was dried for three days at 60 ◦C and the specific leaf area (SLA) was
calculated. LA and SLA were only determined in 2017. Growing degree days (GDD) were calculated
using Equation (2), where i is the day between planting (P) and harvest (H):

GDD =
H∑

i=P

(
Tmaxi + Tmini

2
− Tbase

)
. (2)

For potato, a base temperature (Tbase) of 6 ◦C was assumed since no sprout growth is expected at
lower temperatures [42–45]. If Tmax or Tmin at day i were smaller than Tbase they were set to Tbase [46].
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2.3.2. Yield Parameters

In all years, all harvested tubers from the center rows of each plot were weighed to calculate yield
on a hectare basis. Then, a sub-sample of 2 kg per plot were fresh weighed, oven-dried (1 week, 105 ◦C)
and the dry weight was determined to calculate the dry mass and substance. In 2016 and 2017, all
fresh-harvested tubers per plot were sorted according to the size classes: <30 mm (undersized fraction),
30–60 mm (table fraction), and >60 mm (oversized fraction) [47]. Selma is listed in the German variety
list as a variety that has long oval tubers [48].

2.3.3. Quality Parameters

An additional sub-sample of 2 kg from the harvested tubers per plot was used to determine
nitrogen (N) via the combustion method after Dumas, and phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg) and sulfur (S) via spectrometry [49–51]. Analysis of starch content was done
according to the polarimetry method [52]. Sub-sample of 30 tubers per plot between 30–60 mm were
analyzed for black spot bruise [47]. The black spot bruise index (BSB) was calculated from the number
of light, middle and strong discolored tubers (tuberlight, tubermiddle, and tuberstrong, respectively):

BSB =

(
0.3 ·tuberlight

)
+ (0.5 ·tubermiddle) + tuberstrong

tubertotal
× 100. (3)

A tuber is counted as light discolored when 1/4 of the circumference is discolored to a 5 mm
depth. A tuber is counted as middle discolored when 1/4 of the circumference is discolored and
this discoloration is deeper than 5 mm and/or when half of the circumference is discolored to 5 mm.
A strong discoloration occurs when tubers are discolored up to half of the circumference and are
discolored deeper than 5 mm and/or more than 1/2 is discolored up to 5 mm depth. To measure BSB,
samples were spun in a washing machine for 45–90 s (determination of the time took place every year
with a standard potato variety). Afterwards, samples were stored for 4–5 days at room temperature.
Then the tubers were cut at the greatest diameter and the number of tubers with discoloration (blue,
grey or black) was determined [53].

2.3.4. Data Analysis and Statistics

Analysis of the yield data was performed for each year by using the following fitted model:

yij = μ+ ri + sj + eij, (4)

where yij is the tuber dry matter yield, μ the general effect, ri is the fixed effect of the i-th replicate, sj is
the fixed effect of the j-th shading level and eij is the residual error of yijk.

For the analysis of repeated measurements (duration of growing phases, number of stems per
plant, number of tubers per plant, tuber mass per plant, foliage mass per plant, foliage:tuber mass
ratio, total mass per plant and HI) on two plants per plot at GS 405/625 the model was as follows:

yijk = μ+ ri + sj + (rs)ij + eijk, (5)

where yikj is the response, μ the general effect, ri is the fixed effect of the i-th replicate, sj is the fixed
effect of the j-th shading level, (rs)ij is the random plot effect where the j-th shading level is used in the
i-th replicate, and eijk is the residual error of yijk which corresponds to the kth plant effect in the ijth plot.
For both models the PROC MIXED procedure of Statistical Analysis Software SAS, version 9.4 (SAS
Institute Inc., Cary, NC, USA) was used.
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The multi-year analysis of quality data (macronutrients: nitrogen, phosphorus, potassium, calcium,
magnesium, and sulfur) was done by using the Residual Maximum Likelihood of the PROC MIXED
procedure of SAS. The following linear mixed model was fitted:

yijl = μ+ al + sj + (ra)il + (as)lj + eijl, (6)

where yijl is the response, μ the general effect, al is the fixed effect of the l-th year, sj is the fixed effect of
the j-th shading level, (ra)il is the fixed effect of the i-th replicate in the l-th year, (as)lj is the random
interaction effect between the l-th year and the j-th shading level, and eijl is the residual error of yijl.
For all models, the assumptions of normality and homogenous variances of residuals were checked
graphically. If necessary, that is, if the AIC decreases, year-specific error variances were fitted. In all
cases, after finding significant differences via the F-test, differences between treatments were compared
at α = 5% using Fisher’s least significant difference test (LSD). More information on the statistics used
can be found in Schulz et al. [39].

The growth parameters for plant height were fitted for each plot with the function ‘nls’ of the R
packages ‘nlstools’ and ‘car’ [54,55]. The non-linear regression matched the following equation:

y =
θ1

1 + e−(θ2 + θ3·GDD)
, (7)

where y is the dependent variable for height in the single years 2016 and 2017, θ1 is the asymptote of
the dependent variable, θ2 is the parallel shift, θ3 the slope of the function; and GDD are the growing
degree days, calculated after Equation (2). Estimates for θ1, θ2 and θ3 from each plot were then
submitted to multi-year analysis via model (6).

3. Results and Discussion

3.1. Growth and Development

In 2016 and 2107, artificial shading started after emergence (GS 009), therefore, shading had
no influence on the emergence of the potatoes (Table 3). These results agree with an experiment
with diverse potato cultivars in the Philippines, where uniform plant emergence was observed at
54% shading and at full light [56]. Because potatoes do not have photosynthetically active biomass
until emergence, a change in total solar irradiance has no direct effect on the emergence of plants
by influencing their radiation use. However, an indirect influence due to changing soil temperature
and moisture might occur. Our study revealed that flowering initiation (GS 601) was prolonged at
shading levels >12% shade. In 2017, there was only a significant prolongation under 50%, from 440
GDD under 0% to 467 GDD under 50%. The time from flowering initiation to senescence initiation
(GS 901) was prolonged from 973 GDD under 0% and 12% shade to 1211 GDD under 26% and 50%
shade. In 2017, no change was observable between 12% and 26% shade compared with 0%. This can
be explained by differing climatic conditions in 2016 and 2017. In 2016, the 26% and 50% shade
treatment needed a higher amount of GDD to reach senescence due to the cooler and rainy growing
period. The light saturation of 14.86 MJ m−2 day−1 could not be reached. The rainy period lasted from
April to June (Figure 1). During these months the total solar irradiance was lower (14.34, 18.02 and
19.28 MJ m−2 day−1) than in 2015 (17.94, 18.93 and 21.08 MJ m−2 day−1) and 2017 (15.9, 19.38 and 23.39
MJ m−2 day−1). Table 2 showed that in 2016 the light saturation point of potatoes could not be reached
at levels of 26% and 50% shade, while in 2015 and 2017 this was only observable under 50% shade.
The time from senescence initiation until harvest day (GS 909) in both 2016 and 2017, did not show
any significant changes by shade. The harvestable tuber yield was determined by the duration of the
growing season. This was also shown in a Dutch experiment. The authors observed that the growth
of potato plants and the dry matter production of tubers were mainly determined by the duration of
its growth cycle [29], that is, the duration of each single growth phase is important for the later yield.
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The authors of the study concluded that the development depends on temperature and daylength.
At higher latitudes (e.g., >55◦ N) growth limitations could occur due to cooler temperatures, which do
not fit the optimum values for the single growing phases.

Table 3. Duration of growing phases in Growing Degree Days (◦Cd) and the range of days from
planting to emergence (P-E), emergence to flowering initiation (E-F), flowering initiation to senescence
initiation (F-S) and senescence initiation to harvest day (S-H) in 2016 and 2017 for the four shading
levels (0%, 12%, 26% and 50%). From planting to emergence is a phase without shading (-S), from
emergence to harvesting potatoes were shaded (+S; see also Table 2). Phases correspond to the GS
000 to 009 (P-E), 009 to 601 (E-F), 601 to 901 (F-S) and 901 to 909 (S-H). SEM gives the standard error
of means.

Duration of Growing Phases

-S +S

Year Shade P-E E-F F-S S-H

GDD days GDD day GDD days GDD days

2016

0% 132 26 559 c † 42 973 b 30 1689 48

12% 132 26 573 b 43 973 b 29 1685 48

26% 132 26 580 b 44 1211 a 43 1685 33

50% 137 26 598 a 45 1211 a 42 1685 33

SEM 2.24 3.62 0.00 ‡ 2.03

p-values $

Replicate 0.422 0.422 1.000 0.422

Shade 0.455 0.002 <0.0001 0.455

2017

0% 169 32 440 b 21 1003 39 1755 54

12% 173 32 447 b 21 1016 39 1768 54

26% 173 32 444 b 21 1011 39 1764 54

50% 169 32 467 a 24 1007 36 1760 54

SEM 2.93 2.79 4.17 4.02

p-values $

Replicate 0.670 1.000 0.823 0.708

Shade 0.654 0.002 0.249 0.243
† Means with identical letters within each column and year show non-significant differences between the shade
levels of the single years (LSD test, α ≤ 0.05). ‡ Note: The SEM was between 0 and 0.005, so rounding to two decimal
places resulted in a SEM of zero. $ p-value for the F-test of the corresponding factor.

An experiment conducted in the Philippines showed no significant change in plant height at
different light intensities for potatoes grown in December (long-day), while potatoes grown in March
(short-day) showed differences [56]. Under short-day conditions potatoes develop a canopy, which
causes faster senescence and low tuber yields. Since the plants do not receive enough irradiation, they
get into a stress situation and start to relocate their nutrients from the leaves to the generative organs,
which causes senescence of the leaves. Under long-day conditions the above-ground organs do not die
off as quickly and can use the solar irradiance longer and generate higher yields. An additional shade
under short-day conditions can delay development and so, the potato growth phase is prolonged.
Additionally, high temperatures reduce the above-ground biomass. Potatoes grown under temperatures
of 17 ◦C showed dry matter production of 22.8 g m−2 day−1 [57], while under higher temperature,
biomass is reduced. To detect if artificial shade affects plant height at higher latitudes, plant height
obtained from our experiment was fitted using a sigmoid growth curve. Results indicated that the
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year-specific and/or shading level-specific curve determining parameters, θ1, θ2 and θ3 for the trait
plant height (Equation (7)) were not significantly different from each other (the test for year-specific
parameters showed p = 0.607, p = 0.076 and p = 0.826 for θ1, θ2 and θ3, respectively; the test for
shade-specific parameters showed p = 0.649, p = 0.282 and p = 0.837 for θ1, θ2 and θ3, respectively).
Thus, a single curve across both years can be fitted. This indicates that there were no significant effects
of shading and year on plant height. The observed values and the fitted curve are shown in Figure 2.
Note that year-by-shade interactions were assumed as random in Equation (6).

Figure 2. Average values for the observed (symbols) plant height (cm) depending on GDD (◦Cd) for the
four shade levels and the two years; 2016 (0% open square, 12% open triangle, 26% open circle and 50%
open diamond) and 2017 (0% filled square, 12% filled triangle, 26% filled circle and 50% filled diamond)
and the fitted growth function (solid, red line) for plant height over all shade levels and years.

In 2016, the control and 26% shade plants reached their maximum height after 730 GDD (62.3 and
72.2 cm). Plants in the 12% and 50% shading treatments reached their maximum heights after 637 GDD
with 65.9 and 60.7 cm, respectively. In the second year, all treatments, with the exception of the 26%
treatment, reached their maximum height after 747 GDD (68.8, 73.5 and 75.9 cm). Plants in the 26%
shading treatment reached their maximum after 627 GDD at 65.0 cm. In Sri Lanka, potatoes in an AFS
with Leucaena leucocephala ((LAM.) DE WIT) showed no changes in plant height [58]. No change in
plant height was observed when potatoes were intercropped with maize in a tropical experiment in
Uganda [59]. An experiment in temperature-controlled cabinets showed an increase in plant height
only at radiations below 7.7 MJ m−2 day−1 [60]. The authors related the increase in plant height to
increased gibberellin activity under shade and a reduced assimilation of CO2. Table 2 shows that in the
current study, the total solar irradiance never fell below 7.7 MJ m−2 day−1, resulting in no difference in
plant height as shown in Figure 2. In addition, the cultivar was a strong influence on the growth of the
potato [61]. At lower latitudes, two out of four shaded potato cultivars showed no changes in height.
One cultivar showed an increase in height at 30% shade, and the other cultivar at 50% shade [22]. The
authors ascribed this to a higher auxin level while the gibberellin level also increased, which promoted
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stem growth. These results suggest that the cultivar plays a crucial role in height growth under shade.
Abu-Zinada and Mousa generally attributed height changes to genetic differences in different potato
cultivars [62]. A study of a shade-effect on different phytohormones showed that due to the total
irradiance reduction and the associated change in the wavelength spectrum, changes in phytochrome
B occurred, which led to growth expansion [63].

3.2. Yield Determining Parameters and Yield

The tuber yield of potatoes is influenced by various factors such as nitrogen, cultivar, planting
density and spacing of planting tubers, climatic conditions and geographic location [64]. The four
main tuber yield determining growth parameters are the number of plants per hectare, number of
stems per plant, number of tubers per plant and average tuber weight per plant [65]. The experiment
revealed no changes in the number of plants per hectare under the different shade levels. This is due to
the fact that the shade was only established after potato emergence. As discussed above, a change in
solar total irradiance does not affect plant emergence directly; so, all planted potatoes were able to
emerge (Table 2).

Table 4. Mean growth parameters for two potato plants under four different shade levels (0%, 12%, 26%
and 50%) evaluated in 2016 and 2017 at GS 405/625 (maximum foliage growth was reached); number
of stems per plant, number of tuber per plant, tuber mass per plant (g), foliage mass per plant (g),
foliage:tuber mass ratio (%), total mass per plant (g) and the harvest index (HI). SEM gives the standard
error of means.

Shade
Number
of Stems
per Plant

Number
of Tubers
per Plant

Tuber
Mass per

Plant

Foliage
Mass per

Plant

Foliage:Tuber
Mass
Ratio

Total
Mass per

Plant
HI

Year 2016

0% 2.50 10.50 44.47 48.21 1.32 92.68 0.45
12% 3.67 12.44 ⊥ 56.70 57.06 1.25 113.76 0.48
26% 4.17 12.83 49.81 75.45 2.45 125.25 0.36
50% 4.17 13.67 36.28 57.05 1.81 93.33 0.39
SEM 0.85 2.79 10.97 9.98 0.53 19.66 0.04

p-values $

Replicate 0.248 0.144 0.104 0.509 0.092 0.488 0.002
Shade 0.479 0.873 0.612 0.300 0.417 0.585 0.213
Year 2017

0% 4.83 19.00 a † 103.60 a 79.37 0.95 b 182.97 a 0.54
12% 3.50 17.83 a 51.28 b 64.70 1.58 b 115.98 b 0.43
26% 3.17 13.17 ab 66.32 ab 62.15 1.00 b 128.47 ab 0.52
50% 3.33 9.00 b 32.68 b || 60.07 4.67 a ∇ 86.12 b 0.25
SEM 0.51 2.47 14.05 10.59 0.92 21.15 0.06

p-values $

Replicate 0.835 0.605 0.510 0.259 0.573 0.473 0.788
Shade 0.186 0.038 0.020 0.575 0.051 0.032 0.064
† Means with identical letters within each column and year show non-significant differences between the shade
levels of the single years (LSD test, α ≤ 0.05). ⊥ SEM for 12% shade ± 3.08 due to missing value. || SEM for 50%
shade ± 15.53 due to missing value. ∇ SEM for 50% shade ± 1.02 due to missing value. $ p-value for the F-test of the
corresponding factor.

The different shading treatments had no significant impact on the number of stems per plant
in either year (2016 p = 0.479 and 2017 p = 0.186) (Table 4). Studies showed that the number of
stems depended on the size of the seed tubers or potato variety, but not on the given environmental
factors [59]. Genotype is also an influence on the number of produced stems [66]. Other sources also
show that the age of the planted tubers influences the number of stems. Young tubers produced one
stem and older tubers more stems [67]. A study conducted in the Philippines showed that the number
of stems per plant was not affected by a shade level of 54% [56]. Another study showed that number
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of stems was determined by the number of sprouts, which is influenced by moisture, temperature
and structure of soil, and the number of plants per hectare [66]. Since the development of sprouts
into stems takes place below-ground, the shade only impacts soil temperature and moisture. In our
experiment, shade nets were installed after emergence. By this time sprouts were already developed.
In a real AFS where the distance between single trees is wide enough, and trees are pruned and/or
varieties with thinner crowns are used, their influence on soil temperature and moisture will be quite
small, therefore, this potential influence on sprouts and emergence can be neglected.

Every stem produces leaves, which are photosynthetically active. As described above no change
in the number of stems per plant was determined, therefore no effect on the foliage mass per plant
was observable. Even in a rather overcast year like 2016, plants did not compensate for the reduced
total solar irradiance with increased photosynthetically active biomass. However, shading is often
accompanied by a changed in the partitioning of dry matter between the source and sink organs. In 2017,
the number of tubers per plant were significantly reduced at a shade level of 50%. An experiment in the
United Kingdom with different potato cultivars showed that the cultivar ‘Estima’ showed no change in
time of tuber initiation up until to an artificial shading of 75%, while ‘Maris Piper’ showed delayed
tuber initiation in shading of 50% or more [68]. Since the cultivar remained the same every year, it is
suspected that the reduction in 2017 was caused by environmental factors (e.g., soil temperature or
moisture) other than irradiance reduction. On average, the number of tubers was reduced by ten
tubers per plant compared with the control. The studies of Sun and de Luca et al. showed a decrease in
the number of tubers per plant under 54% shade and attributed this to a shade induced increase in the
gibberellin (GA) content [69,70]. Studies with peas (Pisum sativum L.), lotus (Nelumbo spp. Adans.) and
Brassica spp. (L.) at different shade levels also showed a higher GA, therefore, the change of GA under
shade seems to be important for plant development, especially for tuber formation [71,72]. In potatoes,
higher content of GA has been shown to inhibit tuber formation [20,47,50,58]. Wurr et al. found a
reduced number of tubers under field conditions at a shade level of 70% in experimental sites in the
United Kingdom [73]. The authors attributed this to a reduced number of stolons, which was caused
by lower temperatures slowing down growth. The number of stolons formed indicate the final tuber
number. The number of tubers per plant is initiated in a very short time of ten days, the maximum
number is reached when shoot dry matter starts to decrease [74]. Ewing et al. observed that tuber
formation is promoted by soil moisture [75]. It is possible that in 2016, the naturally occurring low
total solar irradiance in combination with the shading provided more moisture than in 2017, leading to
a significant reduction in the number of tubers formed in 2017. The results show that less tubers with
lower weight were observed in 2017 under 50% shade compared with 0%. Pohjakalli stated that tuber
weight decreased about 80% at light intensities of 67% to 33% of full sunlight (which corresponds to
33% to 67% shade) [76]. A Philippine experiment showed that depending on the cultivar, under 54%
shade a reduction in dry matter weight of tubers can be determined between 0% and 80 % compared
with potatoes grown under full sunlight [77]. Under 74% light (corresponds to 26% shade) most of
the used cultivars showed a reduction of up to 29%. Under 30% shade, 3% more tubers were formed,
while under 50% shade there was an increase of about 55% [78]. In tomatoes, it has been observed that
during the bulking period, the radiation use efficiency is highly related to fruit development because at
this time the canopy is fully developed [79]. In our experiment, we observed that the onset of bulking
occurred even under shaded conditions. During this time, in 2016 only the 0% and 12% shade, and in
2017 all treatments except for the 50% received adequate total solar irradiance for light saturation.

Our results showed no significant changes in the foliage mass per plant under the different shade
levels in any experimental year. Mean values ranged from 48.21 g (0%) to 75.45 g (26%) in 2016 and
60.07 g (50%) to 79.37 g (0%) in 2017 (Table 4). This corresponds well with the results for plant height
(Figure 2). The literature shows that the rate of foliage development is highly dependent on the cultivar.
Some cultivars grow faster than others. Also, the age of the seed tubers affects the foliage, while older
tubers enhance the foliage production [56]. Data on leaf area (LA) and specific leaf area (SLA) were
only available for 2017. However, no significant differences between the shade treatments (LA p = 0.772
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and SLA p = 0.963) were observed. Another experiment with 50% and 90% shaded potato leaves
showed that shading up to 50% also did not influence LA. However, shading levels of 90% showed a
decline in green leaf area. The authors postulated that shading reduces the transpiration, and so, the
distribution of cytokinins. Parts which are exposed to more light or less shade have a higher amount
of cytokinins, which can promote cell division, branching and leaf growth at shading levels >50% [57].

Foliage mass showed no change based on the tested shading treatment; however, in combination
with a decreased tuber mass in 2017, a shift to the above-ground biomass occurred. The ratio
changed from 0.95 in the control to 4.67 at the 50% shade level. This shift has been documented
in the literature [42]. Under low irradiance (2000 to 3000 lux or lower) a shift to the aboveground
biomass occurred, which was not observed under high irradiance (8000 to 16,000 lux). An increase in
above-ground biomass growth and an increase in below-ground biomass was also observed in maize
plants under 69% artificial shade [80]. In 2016, the potato plants received more total solar irradiance
during the phase without shading (until emergence) than in 2017 (17.70 and 14.87 MJ m−2 day−1,
Table 2). Until onset of tuber initiation, most dry mass was partitioned in leaves and stems and after
this time in tubers. If light is reduced, the plant will use more assimilates for leaf mass than for tubers
to provide an adequate level of photosynthesis. This can be seen in Table 4. Leaf mass showed no
change under reduced light as the plant tried to provide an adequate amount of photosynthetically
active biomass, while the tuber mass was reduced.

The lower number of tubers in 2017 and the constant starch content is in line with results found
in the literature. Under shade, more sugar is needed to provide photosynthetically active leaf mass.
The large amount of sugar that is translocated in the tubers to form starch (because tubers are not
photosynthetically active) cannot be covered [81].

As mentioned above, potatoes grown under optimum conditions are able to form 22.8 g of biomass
per m2 and day. Total mass per plant only showed significant changes in 2017. Biomass in the 50%
shading treatment was reduced by almost 100 g compared to the control. In 2017, the 0% shade
had a radiation use efficiency (RUE) of 2.41 g MJ−1 which fits well with the values mentioned in the
literature [82]. The 50% shade had a RUE of 1.14 g MJ−1.

The harvest index (HI) could not be determined for the core plot due to defoliation for facilitated
harvest. Therefore, the HI was determined at GS 405/625. Table 4 shows that there was no influence
from shade prior to defoliation, neither in 2016 nor in 2017. Therefore, the trend of a decreasing HI
with increasing shade was observed.

Dry matter tuber yield (DMY, Figure 3) was significantly reduced by shade in 2016 (p = 0.040) and
2017 (p = 0.004), but not in 2015 (p = 0.467). Under 26% shade DMY was significantly reduced by 44%
in 2016, while in 2017 a significant reduction of 44% occurred at 50% shade. This is related to the total
solar irradiance values in Table 2. The light saturation point of potatoes was reached in 2015 and 2017
in up to 26% shade. Since the plants were able to cover their need for total solar irradiance of 14.86
MJ m−2 day−1 during the shaded time, no significant changes were observable (Table 2). Both 2015
and 2017 were rather sunny years, while in contrast, spring 2016 had comparatively low total solar
irradiance. In June 2016, hot and dry phases alternated with rainfall events. Light saturation was
reached up until 12% shade (Table 2). These observations in combination with the already discussed
changes, suggest that the phase after emergence is crucial for yield formation, especially since the plant
has no photosynthetically active biomass before emergence that can use the light. Figure 3 and Table 2
suggest that the light saturation point does not necessarily have to be met to generate adequate yields.
In 2015, even a total solar irradiance of 10.11 MJ m−2 day−1 from emergence to harvest showed no yield
changes. In 2017, the 50% shading received 10.07 MJ m−2 day−1 after emergence. This indicates that after
emergence, potatoes need a total solar irradiance >10.11 MJ. In 2016, the weather was very unsteady,
and yield was probably more influenced by temperature, which led to a cooling of the dam (soil piled
up to 30 cm). Under air temperatures near optimum, more tubers than shoots are built. When air
temperature increases, there is a shift to more shoot biomass than tuber mass [83]. If the air temperature
is below the base temperature there will be no growth, neither above-ground nor below-ground.
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Figure 3. Tuber Dry Matter Yield (Mg ha−1) for the different shade levels (0%, 12%, 26% and 50%) in
the single experiment years. Black bars represent the standard error of mean. Means with identical
letters within one year show non-significant differences between the shade levels (LSD, α ≤ 0.05).

Demagante and Vander Zaag indicated that shading of 54% led to total dry matter yields similar
to those under full sunlight in the Philippines [56]. A series of experiments in The Netherlands,
Rwanda and Tunisia revealed that the tuber dry matter production is highly dependent on growth
duration, which is determined by temperature and daylength [29]. The Netherlands is located in a
zone with temperate climate and long-day conditions which fits best to the long-day requirement
of potatoes, Rwanda is located under short-day conditions with high temperatures, and Tunisia is
located in an interface zone between long- and short-day conditions with adequate temperatures
from October to April. Hence, as potato is a long-day plant requiring a maximum temperature of
>20 ◦C, Rwanda with its short daylength and high temperature could be unfavorable, while in The
Netherlands and Tunis the day-length during the growing period is adequate. However, shading can
lower the temperature unfavorably and a short day-length hastens tuber initiation, which reduces the
final tuber yield [84]. Kuruppuarachchi showed that shading potatoes at a level of 50% by suspended
coconut leaves during the whole cropping season reduced tuber yield significantly by about 56% in
Sri Lanka [58]. He concluded that permanent shading compared with shade in the first four weeks
resulted in variation in the day/night temperatures of the soil, which may be unfavorable for tuber
growth. A study by Sale with potatoes shaded at a level of 34% throughout the growing period showed
a 26–42% decrease in yield [85]. Cultivation of potato beneath stone pines (Pinus pinea L.) reached
tuber yields of 60-86% yield when compared with the national average yields [86].

Experiments with 30% and 50% shade have showed reduced yields by approximately 2–56% [78].
In 2016 and 2017, we also observed a 50% reduction in yield under 50% shade.
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Overall, the yield reductions in our experiment are comparable with the results of other
experiments, mostly from tropical countries where irradiance is in general much higher. Therefore,
it can be concluded that potatoes tolerate shade up to 26% even in the temperate zone and are able to
reach adequate yields.

3.3. Quality Parameters of Tubers

With regard to the tuber fraction, an increased proportion of undersized tubers was found up
until 26% shade (Table 5). Under 50% shade the share of undersized potatoes (<30 mm) decreased
insignificantly. The table fraction (30–60 mm) also showed an insignificant increase at higher shade
levels. The 50% treatment had a share of 83.90%, while the control only had 74.83%. An insignificant
decreasing share with increasing shade was observed for the oversized fraction (>60 mm). The literature
indicates that tuber fractions are generally determined by numerous factors, but these do not include
light or shade [66].

Table 5. Mean of starch content (% DM), fractions of undersized (<30 mm), table sized (30–60 mm) and
oversized tubers (>60 mm) (%), the black spot bruise index (BSB, %) and the macronutrient content of
N, P, K, Ca, Mg and S (% DM) for the different shade levels (0%, 12%, 26% and 50%) averaged over the
three experiment years. SEM gives the standard error of means.

Starch Fraction O BSB N P K Ca Mg S

Shade Undersized Table Oversized

0% 70.45 4.39 74.83 19.18 16.80 1.30 0.21 2.62 0.03 0.13 0.19
12% 71.04 4.69 77.27 17.06 19.81 1.31 0.22 2.65 0.03 0.13 0.19
26% 70.06 7.84 76.48 12.62 19.70 � 1.36 0.22 2.70 0.03 0.13 0.18
50% 68.43 5.62 83.90 8.86 26.65 1.42 0.23 2.69 0.03 0.13 0.19
SEM 0.67 2.60 4.997 4.02 3.82 � 0.05 0.01 0.07 0.00 ‡ 0.00 ‡ 0.01

p-values $

Year 0.043 0.034 0.071 0.011 0.157 0.066 <0.0001 0.011 <0.0001 0.026 0.055
Shade 0.063 0.806 0.642 0.415 0.386 0.339 0.448 0.864 0.808 0.921 0.853

Year x Replicate 0.424 0.705 0.234 0.028 0.011 0.206 0.299 0.287 0.104 0.043 0.138
O Data available for 2016 and 2017 only. � SEM for 26% shade ± 3.89% due to missing value. ‡ Note: The SEM was
between 0 and 0.005, so rounding to two decimal places resulted in a SEM of zero. $ p-value for the global F-test of
the corresponding factor.

The tuber size is mainly influenced by the size of the seed tubers and the growing conditions
during the growth of the seed tubers. The number of tubers m−2 will be determined by the number of
formed stolons per stem. It has been shown that irradiance has no effect on this parameter. It is more
sensitive to seed size, number of stems, temperature and drought. Studies by Tekalign and Hammes
showed that the cultivar also has an influence on the number of tubers. They showed that the fruit or
berry development affects the total and marketable tuber mass and the final tuber yield [87,88]. Berries
have an influence on the sink-distribution, leading to yield decreases at higher berry numbers.

Hence, tuber size distribution can be influenced by total tuber yield, seeding rate and size of
seed tubers, and the number of stems per plant [66]. As mentioned above, older tubers produce more
stems than younger tubers. The tuber size distribution is mainly determined by the date of initiation,
position and size of the stolon [61]. This shows that shade has no influence on tuber fraction. A study
by Knowles and Knowles showed that under the climate conditions of higher northern latitudes, less
tubers are formed, but the number of formed tubers of marketable size are higher than for potatoes
grown at lower northern latitudes [89]. More potatoes per plant were formed; however, they are
smaller, which ultimately led to lower yields. Other experiments have shown that a late harvest results
in a larger range of tuber sizes. No additional tubers will grow, but small tubers continue to grow in
the later stages of the growing season, resulting in the larger fraction for tuber size [61].

For most potato cultivars (being determinate), the vegetative plant growth ends with flowering
when maximum above-ground biomass has formed [32–34]. During flowering, the tuber formation is
completed and the potato plant begins to reallocate the sugars from the above-ground parts to the
tubers, where starch is formed. After this, only the tuber mass increases and the quality of the tuber
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changes. The maximum starch yield can be found when half of the leaves are dead and stems begin to
die [74]. Due to the simultaneous harvesting in all shade treatments (date determined after the 0%
shade treatment) and the delay in ripening (days from senescence initiation to harvest, Table 3) in
2016, the potatoes had less time to reallocate their sugars from leaves to tubers and build up starch.
While the effect of the year (p = 0.043) was significant, the effect of the shading treatment was not
(p = 0.063). So, the year should show a statistical difference. A weather-induced delay in development
increased the share of smaller tubers in comparison to larger tubers. Smaller tubers have a lower sink
demand for sugars that are reallocated from leaves and stored as starch in tubers. This explains the
year effect on the starch content. Across years, the starch content showed no significant differences
between the shade levels and the unshaded control. An experiment with 34% and 57% shaded
tomatoes (Solanum lycopersicum L.) showed that there was no influence on glucose by different levels
of irradiance [88]. Other studies with shaded tomatoes showed that shade had no influence on final
sugar content [89]. This suggests that the starch content in potatoes is also not affected by shade.

Across years, no effect on black spot bruise (BSB) was detectable. None of the macronutrients
showed significant treatment effects across years (Table 5) and values were in the given range of values
reported in the literature [90].

The above results showed that the influence of shade on plant growth and tuber yield depends
on total solar irradiance but also on other factors (e.g., cultivar, soil temperature, and soil moisture).
To minimize the shade, which is a controllable effect, different management techniques can be used.
If the trees are still small in the first years of an AFS and need grow first, there will be little or no shade
influence on the understory crop in the first years. To obtain high yields, potatoes can be integrated in
an AFS in the first years without yield reduction. In addition, a large distance between the single trees,
the pruning of the trees, the direction of tree strips from north-to-south and the choice of trees with
thinner crowns can keep the shade influence at a minimum. Additionally, shade does not remain static
on the field during the whole growing period (as in our experimental setup). In a real AFS, the shading
varies during the day and moves on a parabolic shape over the crop as the solar position changes, so,
the influence of shade in a real AFS can be regarded as smaller than in our experimental setup.

3.4. Prospects for AFS: Potential Total Solar Irradiance in the Temperate Zone of North-European Latitudes

Theoretically, potatoes need an average total irradiation of 14.86 MJ m−2 day−1 to reach the given
light saturation point of 400 μmol m−2 s−1 PAR to maximize yields. To reach this light saturation
under shading, the required total irradiance would amount to 16.89 MJ m−2 day−1 at 12% shading,
20.08 MJ m−2 day−1 under 26% shade and 29.72 MJ m−2 day−1 under 50% shade. Figure 4 shows
the hypothetical growing regions in Europe with an assumed limited available irradiance, taking
mean total solar irradiance data from 1984–2013 into account [30]. Under a generalized, assumed
potato growing season in Europe (30◦ N, 20◦ W to 75◦ N, 40◦ E) from 1 March to 31 October (DOY
60–304) and without taking any other climatic growth factors except for irradiance into account, potato
cultivation under 50% shade would be possible up to 35◦ N without yield losses (Figure 4). For 26%
shade, cultivation would theoretically be possible from 35◦ to 45◦ N, for 12% shade from 45◦ to 55◦ N,
and from 55◦ to the northern polar circle at 66◦ N, which is the geographical limit of potato cultivation.
In years with high total solar irradiance, the borders for cultivation under shade will shift to the north,
while in years with lower irradiance levels the borders will shift to the south. Possible reasons for this
shift include less clouds, low variation in the inclination of the earth’s axis, high solar activity, low air
pollution or weather phenomena (e.g., fog) or depending on the elevation of the potato cultivation site
(in higher elevations, a greater amount of total solar irradiance reaches the surface).
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Figure 4. Total solar irradiance (MJ m−2 day−1) during the potential potato growing season in Europe
(01 March–31 October, 1984–2013) and the theoretical limits of cultivation under shade values of 0%,
12%, 26% and 50% (0.5 × 0.5 m grid, data source NASA [91]).

4. Conclusions

Potatoes are known as being a shade tolerant crop. The results of this study indicated that the
DMY was only significantly reduced in 50% shade in years with high irradiance, while a significant
reduction at a shade level of 26% only occurred in years with low irradiance. Shading had no significant
influence on starch content. Other quality parameters were also not significantly influenced by shade.
Yield determining factors like the number of plants per hectare, number of stems per plant, number of
tubers per plant and tuber mass per plant were slightly affected by shade. As long as shade is the only
influencing factor and no below-ground factors, such as competition for water and nutrients occur,
potatoes can be cultivated at latitudes lower than 35◦ N under 50% shade, while with every increase of
10◦ N the accepted shade levels have to be halved. Therefore, potatoes can be recommended as an
understory crop in AFS up to a shading level of 26% without significant yield and quality reductions
under the given total solar irradiance in Southwestern Germany. However, depending on the year
(low-irradiance or high-irradiance), this can shift latitudinally in one direction or the other.
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Appendix A

Table A1. Date, product, trade name, amount and active ingredients of plant protection agent and also
the Mode of Action (MoA) after HRAC (Herbicide Resistance Action Committee), FRAC (Fungicide
Resistance Action Committee) and IRAC (Insecticide Resistance Action Committee) for all three years.

Date Product Trade Name Amount and Active Ingredient MoA

2015

18 May H 2.0 kg ha−1Artist (Bayer AG) 240 g kg−1 flufenacet,
175 g kg−1 metribuzin

K3
C1

10 June F 2.0 kg ha−1 Ridomil Gold (Syngenta
AG)

40 g kg−1 metalaxyl-M,
640 g kg−1 mancozeb

A1
M3

10 June I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A

25 June F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

10 July F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

10 July I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A

24 July F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

6 August F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

2016

6 May H 3 L ha−1 Boxer (Syngenta AG) 800 g L−1 prosulfocarb N
6 May H 0.3 kg ha−1 Sencor WG (Syngenta AG) 700 g kg−1 metribuzin C1
2 June I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A

20 June F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

28 June I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A

28 June F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

8 July F 1.5 L ha−1 Infinito (Bayer SE) 62.5 g L−1 fluopicolide,
625,0 g L−1 propamocarb-HCl

B5
F4

15 July F 1.6 L ha−1 Infinito (Bayer SE) 62.5 g L−1 fluopicolide,
625.0 g L−1 propamocarb-HCl

B5
F4

15 July I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A

3 August H 0.8 L ha−1 Quickdown (Ceminova
Deutschland GmbH & Co. KG) 24.2 g L−1 pyraflufen E14

3 August H 2 L ha−1 Toil (Ceminova Deutschland
GmbH & Co. KG) 836 g L−1 rapeseed oil methyl ester

2017

5 May H 2.0 kg ha−1Artist (Bayer AG) 240 g kg−1 flufenacet,
175 g kg−1 metribuzin

K3
C1

2 June F 2.0 kg ha−1 Ridomil Gold (Syngenta
AG)

40 g kg−1 metalaxyl-M,
640 g kg−1 mancozeb

A1
M3

2 June I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A

16 June F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

16 June I 0.3 L ha−1 Biscaya (Bayer AG) 240 g L−1 thiacloprid 4A
5 July I 0.06 L ha−1 Coragen (DuPont) 200 g L−1 chlorantraniliprole 28

5 July F 2 kg ha−1 Acrobat Plus WG (BASF SE) 90 g kg−1 dimethomorph,
600 g kg−1 mancozeb

H5
M3

9 August H 2.5 L ha−1 Reglone (Syngenta AG) 374 g L−1 diquat dibromide D

H herbicide, F fungicide, I insecticide.
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Abstract: Protein crops can represent a sustainable answer to growing demand for high quality,
protein-rich food in Europe. To better understand the state of scientific studies on protein crops,
a systematic review of field trials results to collect existing knowledge and agronomic practices
on protein crops in European countries was conducted using published data from the literature
(1985–2017). A total of 42 publications was identified. The following seven protein crops were
considered: quinoa, amaranth, pea, faba bean, lupin, chickpea, and lentil. Observations within the
studies were related to one or more of eight wide categories of agronomic managements: deficit
irrigation (n = 130), salinity (n = 6), tillage (n = 211), fertilizers (n = 146), sowing density (n = 32),
sowing date (n = 92), weed control (n = 71), and multiple interventions (n = 129). In 86% of the studies,
measures of variability for yield mean values are missing. Through a multiple correspondence
analysis (MCA) based on protein crops, European environments, and agronomic management
factors, we provide a state of art of studies carried out in Europe on protein crops over the 32-year
period; this study will allow us to understand the aspects that can still be developed in the topic.
Most investigated studies refer to southern Europe and showed some trends: (i) faba bean, pea, and
lupin provide highest seed yields; (ii) sowing date, sowing density, fertilization, and deficit irrigation
are the agronomic practices that most influence crop yield; (iii) studies conducted in Central Europe
show highest seed yields. The output from this study can be used to guide policies for sustainable
crop management.

Keywords: protein crops; systematic review; Europe; multiple correspondence analysis (MCA)

1. Introduction

Meeting the globally growing demand for high quality, protein-rich food, that can satisfy the
need of a growing world population while considering environmental sustainability, adapted land-use
practices, and food security are special challenges [1]. Europe has a large consumption of animal-based
proteins for food, i.e., meat and dairy products whereas most plant protein in the European market is
used as feed (for instance more than 95% in the Netherlands; [2]).

The European Union has a 70% deficit in protein-rich grains that is met primarily by imports
of GMO soya for feed from USA and South America [3–5]. The deficiency in locally grown protein
sources also creates price volatility and trade distortions [6].

Increasing the proportion of vegetable proteins and decreasing those of animal origin in the
human diet is a win-win situation from both environmental and nutritional standpoints [6], but also
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for bio-diversity and sustainability in crop production. However, there are currently few options
to encourage this. Vegetable protein sources should have high protein content, high digestibility,
low anti-nutritional factor levels, high amount of essential amino acids, and be comparable in price to
animal protein sources [7].

Arable land for dry pulses in the Europe, from 2007 to 2017, ranged between 1.7 and 4.2 million
hectares. In recent years, this area increased considerably. In that period, an increase of 53.15% of the
area harvested at Europe-level was recorded [8]. In 2017, the total harvest of dry pulses in Europe was
9.47 million tons (Figure 1). The production in 2016 was 7.43 million tons with an increase of 17.62% in
comparison to 2015. The dry pulse harvested in 2017 was 101.1% higher than the average production
of 4.7 million tons registered in 2007–2016. Other high-quality protein crops like quinoa were recently
introduced in Europe; the area under quinoa cultivation in Europe increased from 0 in 2008 to 5000 ha
in 2015, mainly in France, Spain, and the UK [9].

 

Figure 1. Evolution of harvest production (million tons) of dry pulses by species on Europe.

Producing protein crops as grain legumes is often viewed as risky by European farmers, who tend
to prefer cultivating non-legume species such as cereals, oilseeds, and tubers [10,11]. Several authors
have in fact hypothesized that a large adoption of legume crops by European farmers is hampered by
frequent losses due to high inter-annual yield variability [3,10,12].

The objective of this study was to evaluate, using a systematic review, the agronomic management
practices in different European environments on the basis of the literature on protein crops, in order
to establish the weight and the significance of the three factors (agronomic management, European
environment, and protein crop) for the improvement of production and diffusion of these crops.

A systematic review (SR) of the literature provides a replicable, transparent, and reliable method
of identifying, assessing, and summarizing available evidence on a research question, with reduced
bias [13,14].

This work is part of a European project called “Development of high-quality food protein
from multi-purpose crops through optimized, sustainable production and processing methods”
(PROTEIN2FOOD, AMD-635727). This project aims to provide a platform for a diverse production
of protein crops throughout various EU-climate zones, supporting reduction of soybean import, and
generating novel protein food products by combination of nutritious protein sources, i.e., the quality
and quantity of protein from selected high protein quality seed crops (quinoa, amaranth) and legumes
with high protein content (lupin, faba beans, pea, chickpea, lentil), to support the reduction of
meat consumption. The positive trend will be strengthened by the development of new plant-based
protein-rich products of high consumer acceptance, environmental sustainability, and income generation
for farmers in European countries.
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2. Methods

2.1. Literature Research

A systematic review (SR), across two bibliographic databases (ISI Web of Science™ and Scopus™)
and one website search (Google Scholar), was used to identify studies exploring the agronomic practices
on protein crops in European countries (we are including Turkey as European country, because it is
a (founding) member of the Council of Europe, and a member of the EU Customs Union) and that
were written in English, French, Spanish, and Italian (languages the authors felt competent to review)
between 1985 and 2017 in peer-reviewed journals. Searches of academic databases were performed
on 21 December 2017. In bibliographic databases the following search strings were used to search on
‘topic words’ combined with Boolean operators: (field OR cultivar* OR genotyp* OR ecotype* OR crop*
OR farm* OR cultivar* OR accessions) AND (yield OR grain OR product* OR protein OR seed*OR
((water OR nitrogen) AND use AND efficiency)) AND (europ* OR Mediterranean NOT (Tunisia OR
Algeria OR Morocco OR Egypt OR Lebanon OR Libya OR Syria OR Israel OR Palestine)) AND (legum*
OR amaranth* OR (peas OR (Pisum AND sativum)) OR (bean OR (Vicia AND faba)) OR (lentil OR
(Lens AND culinaris)) OR (lupin* OR (Lupinus AND (albus OR mutabilis))) OR (Chickpea OR (Cicer
AND arietinum)) OR (quinoa* OR (Chenopodium and quinoa)). The wildcards * represent any number
of characters. Because of the large number of treatments, genotypes, and investigation areas, we used
abbreviations for each variable. The complete abbreviations list can be found in the Supplementary
Materials (SM) 1.

2.2. Inclusion and Exclusion Criteria

We used a highly robust and rational systematic review methodology to synthesize the evidence
from a wide range of sources. In this study, we constrained the SR by defining boundaries to include:
(I) only studies that considered food crop production in specific locations in Europe; (II) studies
conducted only under field conditions, but not under glasshouse conditions and pots; and (III) studies
that focused on crop productivity, omitting forestry, fisheries, livestock, and other non-food crop
agricultural sectors. Following SR convention, the search terms were based on the three PIO
components (population, interventions, and outcome) (Table 1) and a list of references included in the
SR meta-database is provided in SM2.

Table 1. Defining the PIO terms for the research ‘question’ used in this study

PIO Description

Population Agriculture—food crops under field conditions
Crops included quinoa, amaranth, pea, faba bean, lupin, chickpea and lentil

Europe: Study included all the countries in the continent

Intervention Management included sowing date, sowing density, fertilizer, tillage, salinity, deficit
irrigation, and weed control

Outcomes Yield, yield gap, potential yield, farmer yield, and attainable yield

2.3. Screening

Following removal of duplicates, to extract yield information, data from accepted papers
were entered into Endnote (online bibliographic management software) (version basic; Clarivate
Analytics, https://access.clarivate.com/#/login?app=endnote), all the references retrieved and screened
for relevance using the following inclusion criteria: every study identified was screened through three
stages: title, abstract, and full text. At each level, records containing or likely to contain relevant
information were retained and taken to the next stage.
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2.4. Coding and Data Extraction

Meta-data (descriptive categorical information regarding citations, study setting, design,
and methods) were extracted from included studies following full text assessment.

The treatments investigated (agronomic management) were recorded for each study as categorical
variables where possible; in this case, a complete disjunctive coding of our variables (treatments
investigated) was carried out. This means that variables are dichotomous, assuming value “1” if
should the keyword be associated to the paper, and “0” if not. This coding was conducted according to
methods described by Cuccurullo et al. [15].

Since meta-analysis considers each observation to be independent [16], data for different years or
experimental conditions (i.e., cultivars or other experimental factors) within each publication were
treated as independent observations. Data were obtained directly from tables and if data were provided
in graphical form, means were extracted using WebPlotDigitizer [17].

2.5. Statistical Analysis

Multiple correspondence analysis (MCA) was performed on observations selected from literature
sources analysis. The MCA is an exploratory multivariate technique used to simplify data visualization
when individuals are described by categorical variables [18]. MCA allows the investigation of several
qualitative parameters and permits a geometrical representation of all the information [19]. A MCA
was performed to identify the overall correlation of the protein crops in the different agronomic
management with environmental conditions (geographical and climatic region). To improve the quality
(the total inertia) of the description provided by the MCA, an adjusted formula given by Benzécri [20]
was used. This analysis was carried out using the software package FactoMineR [21] in R studio
software [22].

3. Results

3.1. Screening Process

Schematic representation of the screening process is given in Figure 2. We ultimately identified and
screened 2020 sources of literature (after removal of 1409 duplicates or non-journal papers), of which
42 were subsequently selected and analyzed, to provide 818 ‘observations’.

Our screening process reveals that accessible, published protein crop cropping systems research
in European countries, of a high reporting standard suitable for this systematic review, is concentrated
in the southern Europe (87% of observations) (Table 2 and Figure 3).
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Figure 2. Selection of studies for inclusion in the systematic review (n represent the number of studies).

 

Figure 3. Distribution of doughnut chart of all observations (n = 818) by crops (amaranth, chickpea, faba
bean, lentil, lupin, pea, and quinoa), by Köppen-Geiger climate classification zones (warm temperate
climate zone (fully humid and summer dry, i.e., Cfa, Cfb, Csa, Csb, Csc); the snow climate zone (fully
humid, i.e., Dfb)) and study sites on the map of Europe. The writing in each doughnut chart represents
the climate classification and the total number of observations for each study area.
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3.2. Geographical Distribution of Observations

Studies were reported from nine countries (Figure 3). In the following text, numbers in brackets
indicate the number of individual observations in the categories described. Southern Europe (n = 706)
was the most frequently studied region, with Italy (n = 166), Portugal (n = 80), Spain (n = 179),
and Turkey (n = 265) being the most frequently studied countries.

The most commonly studied climate zones were Cfb (n = 136) with a marine mild climate with no
dry season and warm summer and Csa (n = 589) with a warm temperate climate with dry and hot
summer (Table 3).

Table 3. Number of observations included in the meta-dataset per Köppen-Geiger climate zone

Köppen-Geiger Climate Zone Name of the Climate Zone No. of Observations

Cfa Cfa—Humid subtropical 34
Cfb Cfb—Marin–mild winter 136
Csa Csa—Interior mediterranean 589
Csb Csb—Coastal mediterranean 46
Dfb Dfb—Humid continental mild summer, wet all year 12

The most commonly studied crops were Faba bean (n = 284) and Chickpea (n = 230) (Table 2).

3.3. Management, Date, and Duration of Trials

Eight main groups of treatments were identified during the screening: deficit irrigation (Treatment A;
n = 130), salinity (Treatment B; n = 6), tillage (Treatment C; n = 211), fertilization (Treatment D; n = 146),
sowing density (Treatment E; n = 32), sowing date (Treatment F; n = 92), weed control (Treatment G;
n = 71) and multiple interventions (Treatment AB/AD/CD/EF; n = 129). The number of studies reporting
investigations of each group of treatments is shown in Figure 4.

 

Figure 4. Number of studies undertaken across European countries. Numbers are separated by
intervention group (treatment) investigated within each study. Studies may be present in more than
one intervention category.

Treatment C (n = 202), Treatment D (n = 140), Treatment A (n = 106), and Treatment F (n = 90)
were the most frequently studied treatments on southern Europe (SE). On northern Europe (NE) both
Treatment A (n = 20) and G (n = 28) were the most frequently studied treatments and on central Europe
(CE) we found only multiple interventions (e.g., Treatment EF) with 34 observations (data not shown).

A large number of studies was carried out over a 2-year period (n = 438), 136 for 1 year, 45 for
3 years, and 198 for more than 3 years (data not shown).
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Forty-two papers were identified through cross-referencing dating from 1984 to 2014. An evident
increase in the number of observations started after 1998. The peaks occurred in 2005 and 2010, while
after 2010 there was a high drop in observations (data not shown). The longest-term studies occurred
in southern Europe (18 years) in Italy [23] and in Spain (11–12 years; [24,25]).

Out of the 42 studies, 36 failed to report some critical information of measures of variability for yield
mean values (e.g., standard deviation, standard error, and confidence intervals) and 18 observations
failed to report the start year of treatment.

3.4. Distribution Frequencies of Yield

The descriptive statistical parameters, relative to yield (t ha−1) for all crops and European regions,
are shown in Table 2.

For northern Europe, most data were related to quinoa and pea (n= 22) with observations available
from studies conducted in two countries in the region (Sweden, Denmark). In contrast, there was
very limited published data on lupin (n = 10) and none for amaranth, chickpea, faba bean, and lentil.
The average yields for pea and lupin were 3.87 and 2.83 t ha−1, respectively.

Figure 5. Distribution frequencies of log yield (t ha−1) for all observations (n = 817) by crops (amaranth,
chickpea, faba bean, lentil, lupin, pea, and quinoa) and European regions (northern (NE), central (CE),
and southern (SE)) grouped by climate zone (Cfa: Humid subtropical; Cfb: Marin–mild winter; Csa:
interior Mediterranean; Csb coastal Mediterranean; Dfb: humid continental mild summer, wet all year).

For central Europe, the average yield was relatively constant for different crops (chickpea, lupin,
and pea). Lupin accounted for the largest number of observations (n = 46). Average yield in central
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Europe for lupin and pea was similar to yields found in northern Europe, and higher than that observed
in Southern Europe.

In Southern Europe, there were many different crops of our study (n = 706) with observations
available from studies conducted in five countries of the region. Average yields varied from 0.78 t ha−1

for lentil to 3.36 t ha−1 for faba bean.
The Figure 5 shows that most of the yield observations was found in the south of Europe where

all species were present. The plots convey the left skewness in the major part of the yield distributions
for all crops, disaggregated into European regions.

3.5. Overall Yield across Factors of Variation

Figure 6 shows that the variation of yield due to environment, agronomic management, and crop
factors was quite large.

Response yield varied across the five climatic zones classes with yield values for Dfb and Cfb
ranging from 2.47 to 4.90 t ha−1 and 0.98 to 8.29 t ha−1, respectively, with a higher percentage of values
being below 4.9 and 3.9 t ha−1, respectively (Figure 6a). In contrast, values of yield ranged from 0.64
to 3.99 t ha−1, from 0.01 to 6.86 t ha−1 and from 0.08 to 4.87 t ha−1 for Cfa, Csa, and Csb, respectively.
These results provide strong evidence to suggest that among the five climatic zones categories, Dfb
and Cfb were the most productive climatic zones for all protein-crops.

Furthermore, this study found that the whisker values (the maximum and minimum values
are displayed with vertical lines connecting the points to the center box) in the boxplot of the
three-geographic zone categories can evaluate how yield variation is apportioned. Studies conducted
in Northern Europe (NE) and Southern Europe (SE) showed the lowest yields which ranged from 0.98
to 6.64 t ha−1, and 0.01 to 8.29 t ha−1, respectively (Figure 6d). In contrast, values of yield ranged from
2.08 to 5.03 t ha−1 for central Europe (CE).

On the other hand, the variation of yield between protein-crops showed that faba bean, pea,
and lupin were the most productive crops, with a higher percentage of values being below 4.9, 4.1
and 3.7 t ha−1, respectively, and lentil the least one, with a higher percentage of values being below
1.2 t ha−1 (Figure 6b).

Figure 6c shows the yield variation between different agronomic management. Treatments AD, D,
E, EF, and F were the agronomic interventions most affecting productive response and Treatment CD
was the least one, with yield values ranging from 1.04 to 1.8 t ha−1 and with a higher percentage of
values being below 1.2 t ha−1.

3.6. Multiple Correspondence Analysis

To obtain a comprehensive view on the protein crop yield variation that occurred in the 44 cultivars,
8 ecotypes, 1 accession, and 14 genotypes as affected by climatic zone, geographic region, and agronomic
management, the whole data set (categorical variables (column labels): protein crops, climatic zone,
geographic region, and agronomic management); observations (row labels)) was subjected to multiple
correspondence analysis (MCA). The first three dimensions components (dim.) explained 56.24% of
the cumulative variance for our dataset, with Dim1 accounting for 27.91%, Dim2 for 16.30%, and Dim3
for 12.03% (Table 4). The loading plots (Figure 7) show the graphic display of the contribution and the
cluster of variables on the plane defined by the two first axes of the analysis.

Table 4. Eigenvalues, relative and cumulative percentage of total variance for systematic review
meta-database with respect to the three-dimension components (Dim1, Dim2, and Dim3)

Dimension Components Dim1 Dim2 Dim3

Eigenvalue 0.741 0.566 0.486
Relative variance (%) * 27.91 16.30 12.03

Cumulative variance (%) 27.91 44.21 56.24

* Benzécri correction (1973).
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Figure 7. Multiple correspondence analysis plot of protein crops, European environments, and
agronomic management factors induced by the first two dimensions components. Protein crops
(quinoa, amaranth, pea, faba bean, lupin, chickpea, and lentil), European environments (geographic
and climatic zones), and agronomic management (different agronomic practices) are plotted on the two
first axes. Rows (observations) are represented by blue points and columns (categorical variables) by
red triangles. Orange ellipses indicate different clusters analyzed.

Interpretation of correspondence analysis graphs is based on the distance between such proximate
categorical variables (column labels: protein crops, climatic zone, geographic region, and agronomic
management) or observations (row labels) to the origin of axes (the larger, the more significant).
However, if we want to compare a row label to a column label, we need to:

1. Look at the length of the line connecting the row label to the origin. Longer lines indicate that the row
label is highly associated with some of the column labels (i.e., it has at least one high residual).

2. Look at the length of the label connecting the column label to the origin. Longer lines again
indicate a high association between the column label and one or more row labels.

3. Look at the angle formed between these two lines. Really small angles indicate association.
90◦ angles indicate no relationship. Angles near 180◦ indicate negative associations.

To interpret each axis (factor), it is necessary to consider different indicators, as absolute and
relative contributions of each variable category. The former measures the extent to which one modality
variable contributes to the determination of a specific factor. The latter is instead a quality indicator as
it measures how much each factor contributes to the reproduction of the variable dispersion (Table 5).
Particularly, we interpreted each factor considering categorical variables with a high absolute and
relative contribution [15].

This path is mostly accounted for by the first (horizontal) axis and is strongly related to climatic
zone (cfb) and positively correlated to agronomic management interaction (EF), geographic region
(CE), and protein crops (Lupin). The second (vertical) axis was positively correlated to climatic zone
(dfb), agronomic management (G), geographic region (NE), and protein crops (Pea) (Figure 7, Table 5).

The proximity between observations corresponds to shared-substance: observations are close
to each other because a large proportion of articles treat the same search terms together; they are
distant from each other when only a small fraction of articles discusses these search terms together.
For example, the variables ‘CE’ and ‘G’ are far from each other, because no articles of central Europe
discuss the G treatment.

Figure 7 shows that the most of observations has a large number of articles associated to agriculture
management (A, AB, AD, B, C, CD, D, E, and F) and climatic zone (Csa, Csb, and Cfa) related to the
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southern Europe region. This information tells us that studies from southern Europe region represent
the center of the research field and tend to resemble each other.

The partitioning in four clusters is represented on the map produced by the first two principal
components (Figure 7). The graph shows that the four clusters are well-separated on the first
two principal components.

Table 5. Contribution and value test of different sub categorical variables for systematic review
meta-database with respect to the three-dimension components (Dim1 and Dim2 and Dim3).

Principal Components Dim1 Dim2 Dim3

Categorical
variables

Variables
attributes

Abs.
Contr. a V-Test b Abs.

Contr. a V-Test
Abs.

Contr. a V-Test

Protein crops

Amaranth 0.45 −3.35 0.001 0.15 7.66 −11.19
Chickpea 1.15 −6.22 1.66 −6.54 2.74 16.78
Faba bean 1.95 −8.51 0.98 −5.27 1.93 −6.86

Lentil 0.20 −2.24 1.36 5.15 0.01 0.41
Lupin 19.17 22.72 3.49 −8.47 0.06 −1.03

Pea 1.12 5.40 13.22 16.23 3.40 7.62
Quinoa 0.05 −1.11 3.26 8.25 9.30 −12.93

European
countries

Northern Europe 3.43 9.43 22.96 21.32 0.13 1.50
Central Europe 21.75 23.78 2.79 −7.45 0.63 −3.28

Southern Europe 3.38 −24.52 0.72 −9.92 0.02 1.36

Climatic zone

Cfa 0.06 1.27 1.53 -5.44 2.72 6.71
Cfb 17.60 22.60 0.18 1.99 0.50 −3.07
Csa 4.57 −19.90 0.16 −3.27 1.93 −10.48
Csb 0.04 −0.99 0.28 −2.34 17.23 17.03
Dfb 0.66 4.01 20.34 19.54 1.45 4.83

Agronomic
management

A 0.003 0.31 0.12 1.59 2.07 6.26
AB 0.84 −4.71 0.22 2.11 15.55 −16.40
AD 0.18 −2.10 0.09 −1.27 0.24 −1.99
B 0.05 −1.10 0.07 1.14 0.90 −3.79
C 1.25 −6.40 0.19 −2.17 0.63 3.67

CD 0.12 −1.71 0.38 −2.68 12.98 14.50
D 1.31 −6.21 0.22 −2.23 3.03 −7.65
E 1.48 6.11 1.41 −5.21 2.09 5.86

EF 18.73 21.74 3.23 −7.90 1.41 −4.83
F 0.12 1.80 1.78 −6.09 1.30 4.81
G 0.34 3.00 19.37 19.80 0.11 1.38

Boldface contributions indicate the most relevant characters for each dimension component. Different climatic
zones: Cfa: humid subtropical; Cfb: Marin–mild winter; Csa: interior Mediterranean; Csb coastal Mediterranean;
Dfb: humid continental mild summer, wet all year, different group of agronomic management A: deficit irrigation;
AB: deficit irrigation and salinity; AD: deficit irrigation and fertilizer; B: salinity; C: tillage; CD: tillage and fertilizer;
D: fertilizer; E: sowing density; EF: sowing density and sowing date; F: sowing date; G: weed control; a Absolute
contribution, b Value test: V-test statistic asymptotically follows a standard gaussian distribution, a value below
−1.96 or above 1.96 indicates that the category has a coordinate significantly different to 0 and each category has
positive or negative value for each dimension.

4. Discussion

The area of protein crops in Europe declined almost continuously over the last five decades, from
5.8 million ha in 1961 (4.7% of the arable area), when recording began, to 2.0 million ha in 2014 (1.6% of
the arable area) [26]. A major underlying driver behind the reduction in the proportion of arable land
used for protein crops is the increased comparative advantage in the production of starch-rich cereals
in Europe over the production of protein-rich grain legumes [27].

Protein crops may produce high-quality protein for food and feed, increasing soil fertility and yields
in subsequent crops, potentially reducing greenhouse gas emissions and supporting biodiversity [27].
However, there are several reasons why farmers may be hesitant to grow them: the quality and quantity
of the yield, and thus the financial return, vary depending on the region and weather conditions [28].
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4.1. European Environments

According to Reckling et al. [29], especially in the north of Europe, where all grain legumes are
spring-sown, they have generally more unstable yield than those of autumn-sown crops, because
they can be constrained by water deficits during crop establishment and subsequent growth stages.
Winter crops are instead established in autumn and regrow quickly after winter without any delays
due to soil tillage and seedbed preparation that can also reduce soil moisture. Another factor that
can contribute to yield instability in grain legumes is the indeterminate growth habit that allows the
crop to respond to good conditions such as high-water availability and adequate temperature or to
stop growing and reproducing under poor conditions [30]. Differently from legumes, cereals can
compensate in conditions of sufficient or insufficient water and nutrient supply through modifications
in tillering and flower initiation. Finally, the symbiotic nitrogen fixation affects yield and can be
reduced or fail in poor conditions resulting in greater yield instability.

According to De Visser [31], the large diversity of pedoclimatic conditions all over Europe, and also
the different end user needs (food, feed/ruminants, feed/monogastrics), determine which protein crops
are most easily adopted. Therefore, most of the published cropping systems studies in Europe, with a
high reporting standard suitable for a SR, are concentrated in Southern Europe; perhaps because the
manufacturers do not consider these protein crops as having enough of a market to justify investing in
research and development in all European countries.

The most commonly studied climate zones for protein crop cultivation were geographical areas
with a marine mild climate with no dry season and warm summer (Cfb)—most of them in Demark,
France, and Poland—and areas with a warm temperate climate with dry and hot summer (Csa)
especially in southern Europe. According to Malezieux et al. [32], in some parts of Europe where
winters are not severe, autumn-sown grain legumes can be grown. In Mediterranean regions, grain
legumes, such as pea, are grown as a cool-season crop harvested before summer drought, or before
planting an irrigated, warm-season crop such as maize.

4.2. Protein Crops

The most commonly studied crops were faba bean and chickpea. Beans are preferred by arable
farmers because this crop is easier to grow, and has more steady yield levels [7].

The most important parameters to be considered by growers are straw height, earliness of ripening,
disease resistance, and yield. Earliness of ripening is important in particular, under North European
conditions to anticipate harvest and avoid cooler weather when drying of the crop in the field is
slow [33].

In our review, we have focused on yield, as it is the most important parameter, but there is still
lack of knowledge concerning protein content in Europe.

In south of Europe, studies on lentil, lupin, and faba bean showed the most variable yields with
a coefficient of variation (CV) value of 77%, 54%, and 53% respectively (Table 2), indicating that
broad-leaved crops indeed have more unstable yields than cereals [27]. In the south, average yield was
0.78 t ha−1 for lentil and 3.36 t ha−1 for faba bean. Highest yields were identified for pea and lupin
in northern Europe. For central Europe, the average yield was relatively constant for different crops
(chickpea, lupin, and pea).

The variation of yield between protein crops showed that faba bean, pea, and lupin were the most
productive crops, and lentil the lowest yielding.

At the European scale, the yield levels of field broad beans seem to be showing much potential in
North West Europe [34] and the yield level of field peas is high, while lupins yield are considerably
lower and consequently lupin crops are considered less attractive [7].

White lupin (Lupinus albus L.), yellow lupin (L. luteus L.), and narrow-leaved lupin
(L. angustifolius L.), are native European legumes with a seed protein content high (up to 44%) [35].
Lupin is mainly cultivated in North and Central Europe [36], but the results from this study show that
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it could be cultivated also in south European countries. Lupin was cultivated in ancient times but is
currently neglected [37].

Among the grain legume species, peas are the main grain legume produced in Europe: they can
be grown almost anywhere [34]. Their high yield potential makes profitable use of fertile soils, most of
the new varieties are easy to harvest, and peas can be used for several purposes [7].

There is a large variation in yield across Europe and across the different protein crops. Protein crops
suffer from yield instability compared to cereals or rapeseeds, and yield fluctuations are one of the
main reasons farmers give for not growing these crops [10]. The latter is a major obstacle in further
expansion and a main target for improving protein crop production. According to Stoddard et al. [38],
a lack of breeding resources (indeterminate growth habit, stress resistance, etc.) and knowledge
gaps (low agronomic expertise, insufficient cooperation between farmers and other actors, etc.) are
responsible for the fact that only 1.6% of EU arable land is currently used for legumes, despite their
agronomic and environmental benefits.

4.3. Agronomic Managements

Recent studies outline a comparative lack of breeding investment in Europe to improve protein
crops adaptation to local agroclimatic conditions and management techniques [12,39,40], such as crop
protection or density and plant spacing, irrigation, tillage, fertilization, and harvesting techniques [41–43].
It is important to highlight that a general lack of specific agronomic references to manage protein crops
may be a barrier for farmers cultivating these crops in Europe [44].

In our SR, tillage (n = 211), fertilizer (n = 146), deficit irrigation (n = 130), sowing density, and
sowing date (both the last treatments n = 158) were the most productive agronomic management for
protein crops in European countries.

According to Christopher and Lal [45], the cultivation and cropping may cause significant soil
organic carbon (SOC) losses through decomposition of humus. The shift from pasture to cropping
systems can lead to loss of soil C stocks between 25 and 43 percent [46]. Furthermore, the EU’s
agricultural policy has rewarded a wider range of options to increase soil carbon [47].

There is a general agreement on the influence of grain legumes on the properties of rhizosphere in
terms of N supply, SOC, and P availability [48], the extent of the impact varied across legume species,
soil properties, and climate conditions.

The soil type is the main determinant of plant growth, nutrient dynamics of the rhizosphere and
microbial community structure. The depletion and accumulation of some macro- and micronutrients
also differed between crop systems (i.e., monoculture, crop rotations) and soil management strategies
(i.e., conventional tillage, conservation agriculture).

Soil tillage methods have complex effects on physical, chemical properties of soil, which alter
in turn the biological properties. Protein crops, and in particular grain legumes, possess certain
characteristics particularly suitable for sustainable cropping systems and conservation agriculture,
and making them functional either as cash crop or as crop residue [49]. Conservation agriculture
(CA) is based on minimal soil disturbance and permanent soil cover combined with rotations [50]
and in Europe, the CA is applied in regions where soil erosion mitigation and protection against land
degradation are important objectives.

Also, legumes’ biological fixation of atmospheric N2 can be affected by “starter-N” and tillage;
Torabian et al. [51–53] showed that conservation tillage typically enhances nodulation and nitrogen
fixation, through increased soil moisture retention and soil temperature, and increased soil microbial
biomass. According Krishna [54], there are several legumes as pea, faba bean, soy bean, and forage
legumes that need no fertilizer-N supply, perhaps except a starter-N in some locations to induce rapid
rooting at seedling stage. Kitamura [55] showed that legumes preferentially use available soil nitrogen
rather than fix atmospheric nitrogen. Thus, high levels of available soil nitrogen will greatly reduce
the amount of nitrogen fixed by the legume. However, in low nitrogen soils, a low rate of starter-N
placed away from the seed may boost seedling growth of the legume prior to the establishment of
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fully functioning nodules. On the other hand, legume-based systems improve various aspects of soil
fertility, including the amount of nitrogen fixed into the soil and the high quality of the organic matter
released to the soil in term of C/N ratio [49].

Many countries already depend on conservation agriculture. The SR research results show that
the grain legumes like lentil, chickpea, pea, and faba bean play a major role in conservation agriculture
in Spain, Italy, and Turkey (96% of evidences of tillage treatments in SE).

According to Stagnari et al. [49], the expansion of ecological approaches such as conservation
agriculture opens up opportunities for the use of food legumes in sustainable cropping systems.
In general, conservation agriculture is an environmentally sustainable production system that can
increase the incorporation of grain legumes within large and small-scale farming.

Protein crops require an adequate supply of readily available nutrients for optimum growth
and yield [56].

According to Da Silva et al. [57], considerable N is required in grain legumes at the beginning of
pod fill as the translocation of N from vegetative parts to the pods is intensive. Studies on soybean
have shown that this N drain may be high enough to decrease photosynthetic activity [58], induce
premature leaf senescence, and reduce root activity [59,60]. Nutrients supplied through leaves may
supplement rapidly those transferred from stems and roots, thus avoiding early leaf senescence [61].

By means of the inoculation of rhizobia or the application of N fertilizer with the use of 15N
labeled urea, during the late stages of growth, it was possible to enhance grain legume yields without
necessarily inhibiting N2 fixation [56]. According to the screening review results, these two methods
were the most frequently studied treatment on SE especially in Italy and Spain.

Since indigenous rhizobia are not always in sufficient numbers, effective enough, or compatible
with the specific legume crop to stimulate biological nitrogen fixation (BNF) and increase yields,
inoculation of legumes with rhizobia is an important option for enhancing BNF in crop production
systems [62]. The effectiveness of BNF is affected by agro-ecological factors. For instance, poor
nodulation and poor plant vigor in beans grown in soil with low extractable P led to a poor BNF [63].
The idea of applying N through leaves to maximize bean yield is not recent [64,65]. The advantage
of using urea is that it facilitates the accumulation of other nutrients such as Mn2+ and permits the
transport of nutrients through a more permeable cell cuticle [66].

Seed yields of high-quality protein crops like quinoa strongly respond to N fertilization [67];
for this reason, the main field trials carried out in Europe during last years to evaluate adaptability of
different quinoa varieties were also focused on the assessment of nitrogen requirements [68].

Sowing date is one of the most important management factors affecting protein crops production
and quality [69]. In a given region, the optimum sowing date depends mainly upon the timing of
rainfall [70]. In most cases, delaying sowing beyond the optimum period reduces crops yields [71,72].
As a consequence, delaying sowing date can cause significant differences of environmental conditions
during grain filling, usually causing grains to grow with increasing temperatures and diminishing
moisture conditions [73,74].

A number of studies, from our SR, has reported on the optimum sowing dates for legumes.
Yield variation as a function of sowing date and sowing density ranged from 1.01 to 3.65 t ha−1 and
from 1.45 to 2.29 t ha−1, respectively. Furthermore, the early winter sowing date in Spain, and March
sowing date in Greece, seemed to ensure the highest response for chickpea in the southern Europe.
In general, early sowing resulted in seed yield increases and there was a frequency for seed yield to
decrease with delay of sowing [56]. Quinoa grown under Mediterranean conditions produce higher
seed yields if sown in April compared to May [75].

In addition, the sowing density is an important factor-affecting yield of grain legumes according
to many studies, from inside and outside EU [76–78]. Therefore, yield response of seed legumes to
seeding rates was discussed by several authors, and a significant effect of seeding rate on seed yield
was found [79,80].
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Water resources in the EU and especially in Mediterranean region become more and more scarce
because of high demand for water due to population growth and increasing demand for food. Climate
change has also aggravated the situation because of erratic rainfall and the succession of drought
years [81].

This challenge is further compounded by the severe competition for land and water from
industry and urban development [82]. Such competition pushes agriculture to marginal areas, where
water-limiting conditions often constrain crop productivity. In these marginal areas (e.g., semi-arid
environments), water limitation and year to year fluctuations of meteorological conditions tend to be
large, and these variations significantly affect food security in rain-fed systems [83].

Droughts can negatively impact the yield of most protein crops, from C4 plant (e.g., amaranth)
to C3 (e.g., quinoa and legumes) [84–86]. The yield of food legumes grown in arid to semi-arid
environments or drylands such as the Mediterranean (e.g., faba beans, chickpea, and lentil) is usually
variable or low due to terminal droughts that characterize these areas [87,88].

Currently, the economically viable approaches to support crop production under drought are still
limited [89]. More importantly, it remains unclear how the impact of drought on legume production
varies with legume species, regions, agroecosystems, soil texture, and drought timing.

The results of our systematic review and drought manipulation experiments across the EU region
will allow to better characterize the factors that determine the magnitude of yield loss in legumes
due to drought stress, which must be considered in agricultural planning to increase the resilience of
legume production systems.

5. Conclusions

This systematic review details the setting for a large number of studies across a broad range of
agronomic management, protein crops, and geographical locations.

The EU depends on imported high-protein plant products. The main reason for this is that
protein crops in the EU are not competitive with the crops currently being produced. However,
the competitiveness of crops can be expected to differ between regions within Europe because local
conditions have a high influence on yield levels [3]. In addition to higher yield potential of cereals in
Europe, farmers who grow protein crops face up to a range of agronomic challenges. The evidence
from this SR confirms that protein crop yields are considered unstable, as pointed out in many
studies [10,43,90].

Therefore, as in most of the cultivated areas, legume yield is unstable, legume production is limited.
This constraint is explained by many other external factors, such as the historical dependence to the
Common Agricultural Policy measures; low level of production of processed products; competition
with soybean imports from the Americas or with protein-rich byproducts derived from non-legume
crops. It is also possible that European farmers are not motivated to cultivate these species on soils of
good quality in appropriate environments, and that they prefer growing more profitable major crops
in these environments (e.g., wheat, maize, and rapeseed).

These agronomic challenges highlight a need for research to support crop development in order
to increase and stabilize yields in relation to those of other crops. To do this we should answer
this question: What are the main research needs (technical, social-economic) for protein crops to
be competitive?

A useful approach to achieve this aim could be represented by exchange between several
regions across Europe which will also contribute to increase the profitability of EU protein crops.
Sharing knowledge on the use of varieties and best practices, even worst practices, is a key to success.

Access to practical knowledge and best practices of protein crop production is required. A useful
approach to achieve this aim could be represented by a meta-regression analysis of mixed effects
using the relative yield as effect size estimator. An effect size estimator is an index which allows us
to compare the experimental treatment mean to the control treatment mean [91] and to quantify the
magnitude of a treatment’s effect. Because all of the studies we used did not report any measure of
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variance, an unweighted meta-regression could be performed. The meta-regression analysis would
allow to investigate the interaction between different protein-crops, European region, and agronomic
management and the effect of these factors on yield response.
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Abstract: Conservation agriculture (CA) can be very strategic in degradation prone soils of
Mediterranean environments to recover soil fertility and consequently improve crop productivity
as well as the quality traits of the most widespread crop, durum wheat, with reference to protein
accumulation and composition. The results shown by two years of data in a medium long-term
experiment (7-year experiment; split-plot design) that combined two tillage practices (conventional
tillage (CT) and zero tillage (ZT)) with two crop sequences (wheat monocropping (WW) and wheat-faba
bean (WF)) are presented. The combination ZT +WF (CA approach) induced the highest grain yields
(617 and 370 g m−2 in 2016 and 2017, respectively), principally due to an increased number of ears
m−2; on the other hand, the lowest grain yield was recorded under CT +WW (550 and 280 g m−2 in
2016 and 2017, respectively). CA also demonstrated significant influences on grain quality because the
inclusion of faba bean in the rotation favored higher N-remobilization to the grains (79.5% and 77.7%
in 2017). Under ZT and WF, all gluten fractions (gliadins (Glia), high molecular-weight glutenins (GS),
and low molecular-weight GS) as well as the GS/Glia ratio increased. In durum wheat-based farming
systems in Mediterranean areas, the adoption of CA seems to be an optimal choice to combine high
quality yields with improved soil fertility.

Keywords: no-tillage; conservation agriculture; durum wheat; gluten fractions; SDS-PAGE analysis

1. Introduction

Durum wheat is the main cereal crop grown within Mediterranean regions, although the erratic
rainfall distribution and the extremely fluctuating temperatures during grain filling stages determine
the instability of yields. In these areas, wheat is usually grown in monocropping or short rotations,
in conventionally managed soils (ploughing and harrowing) characterized by severe water loss, erosion,
organic matter depletion, and CO2 release. Both the reduced soil fertility and effects of climatic change
strongly affect durum wheat yields and quality traits [1]. To counteract such criticality, conservation
agriculture (CA) practices-based on (i) minimum or no soil disturbance; (ii) permanent residue cover;
and (iii) planned crop rotations or associations [2] should be applied; these aim to promote water
conservation, biological processes, and organic matter accumulation due to reduced soil erosion and
CO2 emissions. Although the environmental sustainability of CA and its positive effects on crop yield
in rainfed systems have been documented [2–6], data on CA impact on crop quality traits as well as on
yield-quality relationships are missing.
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In durum wheat, the protein content as well as the protein profiles play a key role in the
technological quality. Gluten, which represents 80% of kernel proteins, can be classified into prolamins,
namely gliadins (Glia) that are alcohol soluble proteins, and glutenins (GS) that are soluble in diluted
acid or alkali or alcohol–water mixtures, while the rest 20% is composed by non-prolamins including
albumins, globulins, and metabolic enzymes which are water and salt soluble [7]. Glia and GS exert the
highest influence on the strength and elastic proprieties of the dough. Glia can be classified into S-rich
prolamins (i.e., α-β-γ-gliadins, molecular weight 36–44 kDa), and S-poor prolamins (i.e., ω-gliadins,
molecular weight 44–78 kDa). GS consist of different sub-units, high molecular weight GS (HMW-GS,
80–140 kDa), and low molecular weight GS (LMW-GS, 31–51 kDa), which form large aggregates joined
by disulfide bonds. The GS/Glia ratio determines the functional proprieties of the gluten responsible
for dough strength [8], and greater dough strength is observed when there are higher proportions of
the HMW-GS than that of the LMW-GS polymer [9]. Several allelic variants of x and y genes coding for
HMW-GS have been associated with flour technological quality [10] as well as the B-group LMW-GS,
coded at Glu-3 loci at chromosome 1 (Glu-A3, Glu-B3, and Glu-B2) [11].

Aside from genetics, the main role in determining the amount and specificity of durum wheat
proteins is caused environmentally and agronomically, especially in terms of the up or downregulation of
specific Glia, HMW-GS, and LMW-GS sub-units that are related to flour quality [9,12–14]. In particular,
temperatures, precipitation, and nitrogen (N) availability during grain filling are key factors for
seed protein accumulation [15,16]. The synthesis and accumulation of gluten proteins is increased
significantly by N availability, although the effect is principally driven by the efficient synchrony
between soil N and plant N requirements [14,17,18]. Besides, fertilization strategies [18] as well as
soil management, cover crops, and crop rotation are fundamental variables that affect physiological
traits, and consequently, the quality (protein profile) and yields [19]. Crop rotation and residues
influence carbon and N dynamics in soil [20], especially in low organic matter and N environments
(i.e., Mediterranean areas); crop residues on soil surface are, indeed, not only mere soil protectors from
erosion, but affect nutrient and water availability that in turn increase and stabilize yields [21–25].

However, the adoption of CA requires a transition phase (on average 7–8 years), often characterized
by higher annual weed and disease pressures, slow rebuilding aggregates in soil, and lower and
variable yields, so involve adaptations at the individual farm-level until the rehabilitation of soil-related
functions [26].

Studies regarding the effect of CA practices on protein accumulation in durum wheat kernel,
especially on storage proteins and their composition, are lacking. Durum wheat quality has been
principally investigated in association with different tillage [27], while the effect of the interaction of the
CA key practices in a holistic view on crop physiology, yield, and technological quality performances
are still missing. To this end, we propose a comprehensive approach based on the combination of two
tillage practices (conventional tillage and zero tillage) with two crop sequences (wheat monocropping
and wheat-faba bean) including the CA approach in a medium-long term (7-years) experiment to
investigate durum wheat responses. A short not-irrigated rotation, which is typical of the experimental
area (Mediterranean area), was adopted (although it does not fully meet the requirements of CA).
We raised the hypothesis that through the conservation approach (zero tillage and residue retention,
crop rotation), already at the end of the transition phase, the soil quality amelioration reflected into
improved crop performances in terms of:

(i) growth, yield and yield components;
(ii) protein accumulation and profile total grain protein, Glia, LMW-GS, and HMW-GS, and the

characterization of the single sub-units of gluten proteins; and
(iii) crop physiological status, efficiencies of biomass and nitrogen remobilization to kernels,

reflectance-based vegetation indices.
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2. Materials and Methods

2.1. Site Description

The results reported in this study were obtained during the 2015–2016 and 2016–2017 cropping
seasons (referred below as 2016 and 2017, respectively) within a medium-long term experiment started
in 2010–2011 in Teramo (Mosciano Sant’Angelo, Italy, 42◦42′ N, 13◦52′ E, 101 m above sea level).
The principal soil characteristics, recorded at the beginning of the experiment, were as follows: 23%
sand, 45% silt, and 32% clay, pH 8.0, 1.36% organic carbon, 19.0% total CaCO3, 10.6% active CaCO3, and
32.1 meq 100 g−1 cation-exchange capacity. The area has a typical Mediterranean climate with 732 mm
of annual mean rainfall (58-year period) mainly concentrated between October and April; the mean of
maximum temperatures ranges from 11 ◦C to 29 ◦C while the mean of minimum temperatures ranges
from 2 ◦C to 17 ◦C. During crop cycles, meteorological data were recorded with a meteorological
station situated at about 1 km from the experimental field; trends of average minimum and maximum
monthly air temperatures and total rainfall are reported in Figure 1.

 
Figure 1. Monthly rainfall (bars) and monthly average temperatures (dots) as registered during the
whole durum wheat crop cycle in the two different growing seasons, 2015–2016 (A) and 2016–2017
(B) at the experimental area.

2.2. Experimental Design and Agronomic Practices

The medium-long term experiment aimed to evaluate different management systems for durum
wheat (scenarios) under a semi-arid environment by combining two soil tillage practices (ST, main
treatment, main plots) with two crop sequences (secondary treatments) in a split-plot design with three
replications. The soil tillage practices consisted of conventional tillage (CT) and zero tillage (ZT). CT
and ZT were established in a 15,000 m2 experimental field, properly spaced (i.e., field margins, edges,
and traffic infrastructure) to avoid any overlays during tillage operations and were imposed starting
from the beginning of the medium-long term experiment (2010–2011). It follows that the ZT treatment
respected a six/seven-year period of conversion (2010–2016/2017) necessary to ensure reliable long-term
production goals [28]. CT included complete soil inversion (moldboard ploughing) to a 35-cm depth
during the summer, followed by secondary tillage in the autumn. ZT involved no soil disturbance,
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previous-crop residue retention, and a glyphosate (Roundup Power 2.0, Monsanto Agricoltura Italia
S.p.A., Milano (MI), Italy) application at the rate of 2 L ha−1, two weeks before sowing.

Within each soil tillage practice, two different crop sequences (CS, secondary treatment, sub-plots)
were established: (i) durum wheat (Triticum turgidum L. subsp. durum (Desf.) Husn.) monocropping
(WW); and (ii) a durum wheat-faba bean (Vicia faba L. var. minor) rotation (WF), rising to a total of 18
sub-plots. Each sub-plot consisted of an area of 1200 m2 and was obtained by splitting the main plots
into three areas of equal size that, according to the length of the crop cycles, were able to host both
monocropping and rotation treatments (each crop present every year). Within the sub-plots, transects
were set up in order to obtain two experimental units of 20 m2 (2.5 m × 8.0 m) for sampling and data
collection. In order to avoid edge-effects, the experimental units were delimited in the central area of
each sub-plot. Edges between treatments were managed, leaving them free from crops and weeds
using a brushcutter.

Treatments under comparison were obtained from the factorial combination of tillage and crop
sequence, as follows: (i) conventional tillage and wheat monocropping (CT +WW); (ii) conventional
tillage and wheat-faba bean rotation (CT +WF); (iii) zero tillage and wheat monocropping (ZT +WW);
and (iv) zero tillage and wheat-faba bean rotation (ZT +WF). In the ZT +WF treatment, despite the
short rotation, which was chosen to conveniently reflect the typical agronomic management of the
area, all three principles of CA were respected.

The durum wheat and faba bean cultivars were “Saragolla” and “Protabath”, respectively.
Both crops were sown on 7 December and 23 November in 2016 and 2017, respectively, at a rate
of 350 and 50 viable seeds m−2 for durum wheat and faba bean, respectively. A direct seeder
(Gaspardo Direttissima, Gruppo Maschio Gaspardo S.p.A., Campodarsego, PD, Italy) was used in
the ZT treatments while a mechanical seeder (S-SC MARIA 250, Gruppo Maschio Gaspardo S.p.A.,
Campodarsego, PD, Italy) was used in the CT treatments. In durum wheat, N was applied at the whole
rate of 150 kg N ha−1, split into half on 22 March 2016 and 28 March 2017 (beginning of stem elongation)
as ammonium nitrate and half on 18 April 2016 and 20 April 2017 (emergence of head complete) as
urea; no fertilization treatments were applied to the faba bean. In both years, the fungicide Sphere
(Trifloxystrobin and Ciproconazolo, Bayer Crop Science Italia, MI, Italy) was applied at the dose of
1 L ha−1, at the beginning of anthesis; herbicide treatments were not performed.

Immediately after sowing, the number of crop residues (thickness and weight) was measured for
the ZT +WW and ZT +WF treatments on a sampling square of 0.25 m2 for each experimental unit.
Crop residues were also characterized for their N concentration (Kjeldahl procedure) and for their
cellulose, hemicellulose, and lignin contents [29].

2.3. Plant Sampling and Growth Analysis

Phenological stages were constantly monitored on 10 randomly tagged plants per experimental
unit and were scored following the Zadoks Decimal Code [30].

Starting from anthesis (29 April and 27 April for 2016 and 2017, respectively), 10 whole main
wheat shoots within each experimental unit were randomly collected until the final harvest (23 June
and 19 June for 2016 and 2017, respectively) at the following phenological stages: DC71, DC73, DC83,
DC87, and DC91 in 2016 and DC71, DC77, DC85, DC87, and DC91 in 2017, which corresponded to 0,
165, 256, 404, 564, and 660 growing degree days (GDD, ◦C) in 2016 and to 0, 168, 310, 443, 523, and 630
GDD in 2017. Thermal time after anthesis (GDD) corresponded to the cumulative daily average air
temperature exceeding 0 ◦C.

Sampled plants were separated into leaves, stems, and ears. Dry weight (DW) was measured
after oven drying at 80 ◦C until reaching a constant weight.

According to Arduini et al. [31], the amount of vegetative DW remobilized into kernels during
grain filling (DW remobilization efficiency, DWRemE, %) was calculated as the difference between the
DW of the aerial plant part at heading and at physiological maturity.
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At physiological maturity, one square meter of wheat plants was randomly harvested to measure
the yield components (ears number m−2 and length (cm)) and yield (g m−2) after hand threshing.

2.4. N Determination in Plant Tissues

In both 2016 and 2017, the N concentration in vegetative (leaves, stems) and reproductive (ears)
organs was determined at the DC71 and DC91 durum wheat phenological phases, followed by
the Kjeldahl method. N content was then calculated by multiplying the N concentration by DWs.
At harvest, the grain protein content (GPC, %) was also calculated as the grain N concentration
multiplied by 5.7 [32].

The N remobilization efficiency (NRemE, %) was calculated as DWRemE, according to
Arduini et al. [31].

2.5. Analysis of Gluten Proteins

2.5.1. Extraction and Quantification

Grain sub-samples collected from each experimental unit were milled with Knifetec TM 1095
(Foss, Hillerød, Denmark) to obtain a fine powder, and 30 mg of wholemeal flour was used to evaluate
the Glia, HMW-GS, and LMW-GS fractions by applying some modifications to the sequential procedure
described in Singh et al. [33]. Flour was suspended in 1.5 mL of 50% (v/v) propan-2-ol for 20 min with
continuous mixing at 65 ◦C; followed by centrifugation for 5 min at 10,000 rpm. The supernatant
contained the extracted Glia component, which was collected and evaporated to dryness in a speed
Vac concentrator (Svant Instruments, Farmingdale, NY, USA). A pellet containing the GS fraction,
after washing twice with 50% (v/v) propan-2-ol, was suspended again within a solution of 55% (v/v)
propan-2-ol, 0.08 M tris(hydroxymethyl) aminomethane hydrochloric acid pH 8.3, and 1% (w/v)
dithiothreitol as a reducing agent and incubated for 30 min at 60 ◦C with continuous mixing. After
centrifugation for 5 min at 14,000 rpm, the supernatant containing both the HMW-GS and LMW-GS
fractions was transferred into a new tube. Acetone was then added to reach a final concentration of 40%
(v/v) to precipitate HMW-GS. After centrifugation for 5 min at 13,000 rpm, the pellet was evaporated to
dryness while the remaining supernatant containing the LMW-GS fraction was recovered into a new
tube and precipitated by adding acetone to reach a final concentration of 80% (v/v). After centrifugation,
the supernatant was discarded, and the pellet was air dried. Both protein fractions were quantified with
the Bradford assay (Biorad Hercules, CA, USA) after dissolving pellets in (50:50 v/v) acetonitrile and
H2O with 0.1% (v/v) trifluoroacetic acid. Three technical replicates were performed for each sample.

2.5.2. Sub-Units Separation by SDS-PAGE and Densitometric Analyses

In order to deeply investigate the effects of the experimental treatments in terms of up
or downregulation of single sub-units of the LMW-GS, HMW-GS, and Glia, Sodium Dodecyl
Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE)was performed on a Mini-PROTEAN
Tetra Cell (Bio-Rad, CA, USA) on 8% and 12% acrylamide gel for the HMW-GS and LMW-GS and Glia,
respectively, in 2017. Dried HMW-GS and LMW-GS and Glia (2.5 μg each) were suspended in 20 μL
of loading buffer containing 2% (w/v) SDS, 0.02% (w/v) bromophenol blue, 0.1% β−mercaptoethanol,
0.05 M Tris-HCl pH 6.8, and 10% (v/v) glycerol, and boiled at 95 ◦C for 5 min before loading onto
the gel. A ColorBurst™Marker Electrophoresis High Range (Mw 30,000–220,000) was used to detect
HMW-GS and a Molecular-Weight Marker® (Mw 14,000–66,000; Sigma Aldrich, St. Louis, MO, USA)
to detect LMW-GS. After electrophoretic separation at 40 mA, the gels were stained with brilliant blue
G-colloidal solution (Sigma Aldrich, St. Louis, MO, USA) fixed in 7% (v/v) acetic acid and 40% (v/v)
methanol, and de-stained in 25% (v/v) methanol. Each protein sample (Glia, HMW-GS, and LMW-GS)
was analyzed in three technical replicates. IMAGE lab 4.5.1 (Bio-Rad) software was used to identify
protein molecular weights (MW) and for relative quantification of the LWM-GS and HMW-GS single
protein sub-units on each gel.
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2.6. Physiological Traits

At the DC85 developmental stage, canopy reflectance was measured using a HandHeld 2 Pro
Portable FieldSpec Spectroradiometer (ADS Inc., Boulder, CO, USA). The normalized difference
vegetation index (NDVI), green normalized difference vegetation index (GNDVI), water index (WI)
and optimized soil adjusted vegetation index (OSAVI) were then calculated as follows [34–37]:

NDVI670 = (ρ800 − ρ670)/(ρ800 + ρ670) (1)

GNDVI = (ρ750 − ρ550)/(ρ750 + ρ550) (2)

WI = ρ900/ρ970 (3)

OSAVI = (1 + 0.16) (ρ800 − ρ670)/(ρ800 − ρ670 + 0.16) (4)

where p represents the reflectance measured at the specific wavelength.
The estimation of the chlorophyll content was obtained with the SPAD 502 plus portable chlorophyll

meter (Konica Minolta, Inc., Tokyo, Japan). In order to avoid the natural yellowing of the older leaves,
measurements were taken on the mid-section of the flag leaf, when present or otherwise, on the
greenest leaf, for a total of 10 measurements for each experimental unit.

2.7. Statistical Analysis

Analysis of variance (ANOVA) was performed with the free Excel plugin DSAASTAT® VBA
macro, version 1.1 (Pisa, Italy) [38], considering a multi-year split-plot design in order to test (F-test)
the effects of growing season (year), ST, and CS as well as their interactions on the selected variables.
Year was considered as a random factor. Densitometric data related to Glia, HMW-GS, and LMW-GS
sub-units recorded in 2017 were analyzed using a two-way ANOVA considering a split-plot design.

When ANOVA detected significant differences, the means were separated by applying the Tukey’s
honestly significant difference (HSD) test (data in Tables). In the figures, the standard errors of the
means are reported. Normality and homoschedasticity assumptions were tested with the Shapiro–Wilk
and Bartlett tests, respectively (R software, Vienna, Austria) [39].

3. Results

3.1. Meteorological Data, Residue Retention, and Composition

Erratic amounts and distribution of rainfall characterized the experiments (Figure 1). In 2017,
between anthesis and grain filling, the cumulative rainfall was 50% less than 2016 (290.2 mm vs.
153.8 mm in 2016 and 2017, respectively) while during the vegetative phase (sowing–anthesis period),
values were higher and mainly concentrated in January (Figure 1). Generally, the monthly average
temperatures were similar between the two years (15.3 and 15.0 ◦C for 2016 and 2017, respectively).

ZT favored the accumulation of residue mulching, which showed a remarkable thickness (0.93 cm
on average) and weight (2.00 t ha−1 on average) (Table 1). Residues obtained under WW showed a
higher thickness and weight than WF (1.40 vs. 0.46 cm and 3.06 vs. 0.95 t ha−1) and were characterized
by a greater percentage of hemicellulos, cellulose, and lignin, but with lower N content (Table 1).

Table 1. Thickness (cm), amount (t ha−1), nitrogen (N, %), hemicellulose (%), cellulose (%), and lignin
(%) contents of durum wheat and faba bean residues under zero tillage (ZT) treatments (durum wheat
residues: ZT +wheat monocropping (ZT +WW); faba bean residues: ZT +wheat-faba bean rotation
(ZT+WF)). Means ± standard errors (over growing seasons) are reported.

Crop Sequence Thickness (cm) Amount (t ha−1) N (%) Hemicellulose (%) Cellulose (%) Lignin (%)

ZT +WW 1.40 ± 0.12 3.06 ± 0.14 0.3 ± 0.02 24.4 ± 0.28 33.4 ± 0.11 15.2 ± 0.01
ZT +WF 0.46 ± 0.08 0.95 ± 0.07 1.68 ± 0.03 15.5 ± 0.34 23.4 ± 0.27 4.0 ± 0.03
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3.2. Dry Mass Dynamics and Partitioning

The dynamics of the DW accumulation of the leaves, stems, and ears starting from 165 and 168
GDD after anthesis (2016 and 2017, respectively) are reported in Figure 2. Averaging over treatments,
slightly higher dry aerial biomass values were obtained in 2016 (leaves: 0.53 vs. 0.38 g plant−1; stem:
1.79 vs. 1.68 g plant−1; ear: 2.20 vs. 2.17 g plant−1 in 2016 and 2017, respectively) with ZT often showing
higher values than CT (at harvesting, ZT vs. CT: leaves +32%, stems +15%, ears +11%) (Figure 2).

Figure 2. Dynamic of dry weight (DW, g plant−1) of leaves, steam and ear against thermal time after
anthesis (◦C) of durum wheat in 2016 (A, C and E, respectively) and 2017 (B, D and F, respectively)
affected by soil tillage practice and crop sequence (� CT +WW; � CT +WF; ♦ ZT +WW; � ZT +WF).
Treatments: CT, conventional tillage; ZT, zero tillage; WW, durum wheat monocropping; WF, durum
wheat-faba bean rotation. Data are averages ± standard errors of n = 3 independent replicates.

During grain filling, 36.2% and 45.9% of the vegetative DW were remobilized in 2016 and 2017
(averaging over ST and CS), respectively (Table 2). Although differences between ST treatments were
not significant (Table 3), ZT induced higher DWRemE than CT (43.7% vs 38.4%); furthermore, WF
induced higher DWRemE than WW. Consequently, the highest value was registered for the ZT +WF
combination (47.9%) while the lowest was obtained for CT +WW (23.3%) (Table 2).
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Table 2. Dry weight (DW) remobilization efficiency (DWRemE, % of vegetative DW) and nitrogen (N)
remobilization efficiency (NRemE, % of vegetative N) in the 2016 and 2017 cropping seasons. Means
followed by different letters (upper case letters: main effects; lower case letters: effects of interaction)
significantly differ according to Tukey’s HSD test (p < 0.05). Treatments: CT, conventional tillage; ZT,
zero tillage; WW, durum wheat monocropping; WF, durum wheat-faba bean rotation.

Year Treatments
DWRemE (%) NRemE (%)

ZT CT CS mean ZT CT CS mean

2016 WW 34.4 23.3 28.8 74.2 73.6 73.9
WF 47.9 39.3 43.6 82.4 76.6 79.5

ST mean 41.2 31.3 78.3 A 75.1 B

2017 WW 45.5 45.1 45.3 72.8 76.6 74.7
WF 47.1 45.9 46.5 76.1 78.8 77.4

ST mean 46.3 45.5 74.4 B 77.7 A

2016–2017 WW 40.0 34.2 37.1 73.5 75.1 74.3
WF 47.5 45.6 47.0 79.2 77.7 78.4

ST mean 43.7 38.4 76.3 76.4

Effects: ST, soil tillage; CS, crop sequence. Degrees of freedom: Year, 1; ST, 1; Year × ST, 1; CS, 1; Year × CS, 1;
ST × CS, 1; Year × ST × CS, 1; Residual, 8.

Table 3. Summary of p-values from the analyses of variance for dry weight remobilization efficiency
(DWRemE, % of vegetative DW), nitrogen remobilization efficiency (NRemE, % of vegetative N), yield
(g m−2), number of ears per square meter (ears, num m-2), ear length (cm), N concentrations ([N]) in
leaves (g kg−1), [N] in stems (g kg−1), and [N] in ears (g kg−1), N content in leaves (g m−2), N content
in stems (g m−2), N content in ears (g m−2), grain protein content (GPC, %), gliadins (Glia, mg g−1),
high molecular weight glutenins (HMW-GS, mg g−1), low molecular weight glutenins (LMW-GS, mg
g−1), normalized vegetation index (NDVI), green normalized difference vegetation index (GNDVI),
soil-adjusted vegetation index optimized (OSAVI), water index (WI) and SPAD. Effects: ST, soil tillage;
CS, crop sequence. Degrees of freedom: Year, 1; ST, 1; Year × ST, 1; CS, 1; Year × CS, 1; ST × CS, 1;
Year × ST × CS, 1; Residual, 8.

ST Year × ST CS Year × CS ST × CS Year × ST × CS

DWRemE 0.446 0.133 0.449 0.057 0.669 0.800
NRemE 0.994 0.013 0.210 0.354 0.370 0.495

Yield (g m−2) 0.204 0.146 0.002 0.986 0.192 0.420
Ears (num m−2) 0.038 0.813 0.515 0.095 0.171 0.117
Ear length (cm) 0.734 0.001 0.129 0.125 0.706 0.005

[N] Leaves
DC71a 0.880 0.033 0.449 0.012 0.428 0.165
DC91a 0.716 0.081 0.749 0.057 0.119 0.588

[N] Stems
DC71 0.846 0.150 0.020 0.915 0.178 0.569
DC91 0.777 0.137 0.455 0.521 0.406 0.310

[N] Ears
DC71 0.133 0.899 0.222 0.248 0.193 0.481
DC91 0.620 0.037 0.664 0.001 0.249 0.626

N content leaves
DC71 0.230 0.141 0.628 0.040 0.528 0.423
DC91 0.651 0.022 0.006 0.989 0.295 0.367

N content stems
DC71 0.267 0.164 0.230 0.325 0.538 0.512
DC91 0.411 0.023 0.195 0.741 0.179 0.629

a DC71 and DC91 phenological stages of durum wheat following the Zadoks Decimal Code. Further explanations
are provided in the text.
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Table 3. Cont.

ST Year × ST CS Year × CS ST × CS Year × ST × CS

N content ears
DC71 0.249 0.088 0.208 0.234 0.976 0.024
DC91 0.007 0.928 0.347 0.500 0.646 0.727

GPC 0.004 0.892 0.035 0.583 0.347 0.055
Glia 0.396 0.005 0.016 0.887 0.670 0.004

HMW-GS 0.050 0.019 0.442 <0.001 0.479 <0.001
LMW-GS 0.083 0.004 0.590 <0.001 0.904 <0.001
GS/GLIA 0.019 0.264 0.743 <0.001 0.516 <0.001

HMW-G /LMW-GS 0.402 0.002 0.204 0.650 0.251 0.014
NDVI 0.870 <0.001 0.982 0.158 0.937 0.231

GNDVI 0.895 <0.001 0.838 0.007 0.666 0.012
OSAVI 0.969 <0.001 0.894 0.163 0.907 0.132

WI 0.338 <0.001 0.678 0.156 0.301 0.008
SPAD 0.801 0.004 0.168 0.056 0.720 0.001

a DC71 and DC91 phenological stages of durum wheat following the Zadoks Decimal Code. Further explanations
are provided in the text.

3.3. Grain Yield and Yield Components

The higher grain yields were achieved during 2016 (570 vs. 320 g m−2 in 2016 and 2017, respectively)
due to the most favorable climatic regime; regardless of the crop growing season, CS induced significant
effects, with WF showing higher yields (Tables 3 and 4). In particular, the highest yield was achieved by
the combination of ZT+WF (617 and 370 g m−2 in 2016 and 2017, respectively) and the worst by CT +WW
(556 and 284 g m−2 in 2016 and 2017, respectively). ZT showed a significantly higher number of ears m−2

(295 vs. 253 and 304 vs. 267 ears m−2 for ZT and CT in 2016 and 2017, respectively) (Tables 3 and 4).

Table 4. Yield (g m−2), number of ears per square meter (ears, num m−2), and ear length (cm) as
recorded at harvest in the 2016 and 2017 cropping seasons. Means followed by different letters (upper
case letters: main effects; lower case letters: effects of interaction) significantly differ according to
Tukey’s HSD test (p < 0.05). Treatments: CT, conventional tillage; ZT, zero tillage; WW, durum wheat
monocropping; WF, durum wheat-faba bean rotation.

Year Treatments
Yield (g m−2) Ears (num m−2) Ear Length (cm)

ZT CT CS Mean ZT CT CS Mean ZT CT CS Mean

2016 WW 551 556 554 273 261 267 7.25 bc 7.50 b 7.37
WF 617 561 589 316 245 281 7.28 bc 8.04 a 7.66

ST mean 584 558 295 253 7.27 7.73

2017 WW 319 284 302 296 276 286 6.62 d 5.38 f 6.00
WF 370 303 337 312 259 286 7.13 c 5.73 e 6.43

ST mean 344 294 304 267 6.88 5.56

2016–2017 WW 435 420 428 B 285 269 277 6.93 6.44 6.69
WF 494 432 463 A 314 252 283 7.20 6.88 7.04

ST mean 464 426 299 A 261 B 7.06 6.66

Effects: ST, soil tillage; CS, crop sequence. Degrees of freedom: Year, 1; ST, 1; Year × ST, 1; CS, 1; Year × CS, 1;
ST × CS, 1; Year × ST × CS, 1; Residual, 8.

3.4. Nitrogen Status, Nitrogen Remobilization Efficiency, and Grain Protein Concentration

N concentration in all plant organs (i.e., leaves, stems, and ears) was higher in 2016. Considering
the treatments, only the N concentrations of stems and leaves were significantly influenced by CS and
by “Year × ST” and “Year × CS”, respectively (Figure 3, Table 3). ZT induced a higher N concentration
in stems in 2017, while the higher values for stems and leaves in 2016 was observed under WF.
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Figure 3. N concentration (g kg−1) in leaves, stems and ears at DC71 and DC91 phenological stages
of durum wheat in 2016 (A and C, respectively) and 2017 (B and D, respectively) cropping seasons.
Treatments: CT, conventional tillage; ZT, zero tillage; WW, durum wheat monocropping; WF, durum
wheat-faba bean rotation. Data are averages ± standard errors of n = 3 independent replicates.

At harvest, differences among the years and treatments reduced drastically. Averaging over
treatments, the N concentration generally decreased in leaves (by 66% and 62% in 2016 and 2017,
respectively) and stems (by 60% and 45% in 2016 and 2017, respectively), while remained substantially
unchanged in the ears (17.9 and 16.1 g kg−1 in 2016; 15.3 and 15.7 g kg−1 in 2017) (Figure 3).

The N content was confirmed to be higher in 2016 and from post-anthesis to grain filling, it
increased significantly in the ears (on average by 3-fold and 2.5-fold increase in 2016 and 2017,
respectively) while it reduced in the stems (on average by 75% and 69% in 2016 and 2017, respectively)
and leaves (on average by 80% and 84% in 2016 and 2017, respectively) (Figure 4). ZT always induced
significantly higher N contents (Figure 4, Table 3).

 
Figure 4. N content (g m−2) in the leaves, stems, and ears at the DC71 and DC91 phenological stages
of durum wheat in 2016 (A and C, respectively) and 2017 (B and D, respectively) cropping seasons.
Treatments: CT, conventional tillage; ZT, zero tillage; WW, durum wheat monocropping; WF, durum
wheat-faba bean rotation. Data are averages ± standard errors of n = 3 independent replicates.
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The amount of N remobilized into kernels during grain filling were very similar between the
years (77.0% and 76.0% in 2016 and 2017, respectively, averaged over ST and CS) (Table 2). The effect
of ST was related to the crop growing season (see the significance of the interaction “Year × ST” in
Table 3). Furthermore, although not significant, WF induced higher NRemE (79.5% vs. 74.6% in 2016
and 77.7% vs. 74.7% in 2017) (Table 2).

The GPC values were similar between the two years (Figure 5), while the effect of both ST and CS
was significant (p < 0.05, Table 3). ZT induced higher values with respect to CT (12.07% vs. 10.32%) and
WF than WW (11.52% vs. 10.87%); the highest values was obtained by the combination of ZT +WF
(12.5%, averaging 2016 and 2017).

 
Figure 5. Grain protein content (GPC, %) as recorded for durum wheat at harvest in the 2016 (A) and
2017 (B) cropping seasons. Treatments: CT, conventional tillage; ZT, zero tillage; WW, durum wheat
monocropping; WF, durum wheat-faba bean rotation. Data are averages ± standard errors of n = 3
independent replicates.

3.5. Gluten Proteins Content and Characterization

The effects of year, ST, and CS on gluten protein characteristics are reported in Table 3. All
gluten fractions were significantly affected by the “Year × ST × CM” interaction; the highest Glia
accumulation was obtained by CT + WF in 2017 and the lowest by ZT + WW in 2016 (Table 5).
Conversely, the higher kernel accumulation of HMW-GS and LMW-GS were induced by ZT +WF
in 2016, while the lowest were generally recorded under CT. A general trend showing higher total
GS/Glia and HMW-GS/LMW-GS ratios under ZT with respect to CT was observed (Table 5).

In view of the obtained results, in 2017, the effects of ST and CS were also investigated in terms of
the up or downregulation of single sub-units of the Glia, HMW-GS, and LMW-GS (Table 6, Figure 6).
With respect to Glia, significant differences were observed in the molecular weight range of 28–41 KDa.
Despite the interpretation of results being quite challenging, the inclusion of faba bean in the rotation
led to 35 KDa and 28 KDa sub-units with a higher relative abundance (highest values reached by
CT +WF treatment), while ZT significantly enhanced the 41 kDa subunit (Table 6, Figure 6). Results
for the HWM-GS subunits were inconsistent. On the other hand, ZT induced the upregulation of the
42 kDa and 37 kDa (despite not significant) sub-units of LMW-GS (Table 6, Figure 6). Finally, WF
significantly induced the downregulation of 42 KDa, 37 KDa, and 40 KDa sub-units of LMW-GS, while
significantly enhancing the relative abundance of the 35 KDa sub-unit (+49% with respect to WW),
with the highest values observed in the CT +WF treatment (Table 6, Figure 6).
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Table 6. Summary of p-values from two-way analysis of variance (ANOVA) on the relative abundances
(%) of Glia, HMW-GS, and LMW-GS detected sub-units in 2017. Effects: ST, soil tillage; CS, crop
sequence. Degrees of freedom: ST, 1; CS, 1; ST × CS, 1; Residual, 4.

ST CS ST × CS

Glia sub-units
46 KDa 0.118 0.297 0.513
44 KDa 0.893 0.235 0.194
41 KDa 0.009 0.879 0.015
39 KDa 0.297 0.023 0.213
35 KDa 0.038 0.011 0.591
28 KDa 0.043 0.019 0.008

HMW-GS sub-units
83 KDa 0.033 0.748 0.288
74 KDa 0.041 0.753 0.276

LMW-GS sub-units
42 KDa 0.023 0.027 0.067
41 KDa 0.421 0.759 0.860
40 KDa 0.125 0.036 0.089
37 KDa 0.050 0.002 0.142
35 KDa 0.058 <0.001 0.006

 
Figure 6. Relative abundances (%) obtained by the densitometric analysis of Glia (A), HMW-GS, and
LMW-GS (B) sub-units of durum wheat in 2017. Treatments: CT, conventional tillage; ZT, zero tillage;
WW, durum wheat monocropping; WF, durum wheat-faba bean rotation. Data are averages ± standard
errors of n = 3 independent replicates.

3.6. Physiological Traits

The NDVI, GNDVI, and WI values were significantly higher in 2016. The combinations of
ZT +WW and ZT +WF always registered the highest values and the interaction “Year × ST” was
significant (p < 0.05) (Tables 3 and 7).
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In the case of chlorophyll content in leaves, although the interaction “Year × ST × CS” was
significant, it emerged that WF generally induced higher SPAD values (on average, 49.4 vs. 48.2 for
WF and WW, respectively, in 2016 and 48.9 vs. 46.9 for WF and WW, respectively, in 2017).

4. Discussion

As it emerges from our work, CA promotes better crop physiological status, which in turns
reflects positively on the accumulation of DWs and the quality traits of durum wheat. The determining
factor was found in the build-up of a layer of crop residues, which enhance water retention, biological
activity, and root development while reducing erosion; the latter acquire a pivotal role under the typical
pedo-climatic conditions of Mediterranean environments. In such circumstances, Stagnari et al. [23]
showed that 1.5 t ha−1 of straw was enough to produce significantly higher yields, although 2.5 t ha−1

also guaranteed effects on several crop physiological indicators. The ZT +WF approach appeared to
give better performances, although faba bean accumulated residues were only 0.96 t ha−1, much lower
than the 3.02 t ha−1 obtained under ZT +WW. This can be ascribed to the chemical composition of
the residues released. While straw exclusively (ZT +WW) stimulated N immobilization (high C/N
ratio), reducing the immediate availability of N to the crop [40], the straw/faba bean mixture (ZT +WF)
behaved differently, decomposing quicker and supplying a significant amount of N [41] ad humus.
Indeed, the lower C/N ratio of the straw/faba bean mixture is known to result in higher humification
rates [25,42–44] and easily releases macro and micronutrients [45]. The soil chemical analyses also
revealed that, aside from the main effect of soil treatment, the combination of faba bean residues plus
straw was more favorable to the build-up of soil organic carbon reserves (+18% on average under ZT;
data not shown).

Although the observed differences were not significant, higher grain yields values were obtained
under ZT, especially under drought conditions and in combination with WF (see higher gaps with
CT in 2017) as observed in previous studies correlating yield performances with the crop water stress
index [46]. The greater number of ears m−2 was obtained thanks to a higher seed emergence and better
crop establishment probably favored by the reduction of water vapor loss from the first layers due to
the residue accumulation (ZT) [23,47], although the presence of residues could sometimes promote
the movement of phytotoxins toward seedling roots [48]. The CT approach (especially CT +WW)
constrained crop growth before anthesis, thus reducing both the size and number of sinks (especially
in 2016). Conversely, the higher wheat biomass reached at anthesis under ZT +WF resulted in both a
greater accumulation of assimilates available for remobilization and assimilate demand during grain
filling [49]. Such pre-anthesis biomass accumulation is critical for maintaining yields when adverse
climatic conditions reduce post-anthesis photosynthesis and nutrient uptake [50].

The NDVI, GNDVI, and WI indexes were very successful in detecting plant physiological responses
as well as in discriminating among treatments, thus confirming the higher efficiency of the combination
of ZT +WF. The WI and NDVI have already been related to water status in plants [51,52] despite
being strictly influenced by the relative water content and cell wall elasticity of leaf tissues [53]. Such
physiological responses were also remarked by the SPAD readings, which are known to be a good
indicator of chlorophyll concentration.

In general, there is a negative relationship between GPC and final grain yield, principally due
to the energy constraints and N dilution effects. However, in accordance with other experimental
trials [23,54], the higher protein content in kernels matched the higher yielding combination (ZT +WF),
especially in the drought year (see 2017) [55]. The higher soil N availability, obtained with the
introduction of a leguminous crop, and the ameliorated soil moisture conditions and nutrient release,
due to no mechanical disturbance, most likely improved the wheat N and water uptake, favoring GPC
accumulation [56] and protein quality [57] (i.e., promoting higher gluten fractions and its favorable
characteristics [23,58]). During the transition phase to CA it is, indeed, exactly the management of N
fertilization in wheat nutrition, which requires precautions [59,60]. We have previously demonstrated
that about 150 kg N ha−1, supplied as both calcium nitrate and urea, are required to improve N uptake
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and metabolic proteins for correct nutrient homeostasis, thus positively impacting on processing
wheat quality [18]. In particular, the ratios of GS/Glia and HMW/LMW-GS are positively correlated
to dough strength and the addition of a glutenin-rich fraction consisting of HMW-GS to the base
semolina increases the mixograph dough strength [61]. The modulation of single protein sub-units of
HMW-GS, LMW-GS, α-gliadins, γ-gliadins, and ω-gliadins in response to fertilization management are
documented in the literature [62–64], while no information is available on the influence of soil practices
and crop rotation on the accumulation of single gluten sub-units. Indeed, gluten protein accumulation
is a complex process subjected to spatial and temporal regulation as well as to environmental
signaling. Individual proteins within each gluten protein class accumulate to different levels and can
be influenced by environmental changes, nutrient availability, and management practices to different
extents, suggesting that the corresponding genes have different basal levels of expression and possibly
different regulatory elements in the promoter sequences. Our results confirmed the complexity of these
processes; however, preliminary conclusions can be drawn. The inclusion of a leguminous crop in the
rotation allowed an upregulation of 28–35 KDa sub-units of the Glia fraction, which corresponded to
those Glia mainly involved in gluten technological proprieties due to the presence of six (α/β-) and
eight (γ-) cysteine residues in the C-terminal domain, with γ-gliadins forming intra- and inter-chain
disulfide bonds interacting with the HMW and LMW polymers [65]. This could be related to the higher
N remobilized to the developing grains. On the other hand, ZT seemed to improve the upregulation
of 42 KDa and 37 KDa sub-units of LMWW-GS, which are the most abundant ones, as previously
observed in response to the foliar application of N fertilizers [9]. However, further investigations
should be aimed at assessing the effects of CA systems on the expression of gluten protein sub-units.

5. Conclusions

Although the transition phases to sustainable agricultural approaches is generally challenging,
the application of CA techniques, in particular crop diversification, has allowed for higher durum
wheat quality and yield to be achieved. Our work demonstrates that under Mediterranean climates,
the application of zero tillage and the introduction of leguminous-based crop rotations exert positive
externalities after a six/seven-year period of CA adoption.

The presence of a layer of crop residues and soil organic carbon accumulation is as important as
no tillage to improve yield, especially during dry seasons (2017). In addition to a higher yield, ZT and
WF practices also ensured higher GPC accumulation in the kernels, probably due to the improved
water and nutrient availabilities in line with crop demand during its growth and development.

The ameliorated soil conditions favored the overall crop status, also detected by the
reflectance-based indices, as shown with a greater DWRemE and NRemE to the developing grains.
Interestingly, the gluten characteristics were also advantaged. Some gluten fractions (i.e., Glia,
HMW-GS, and LMW-GS) increased under ZT +WF conditions; ZT seemed to favor the upregulation
of the two sub-units of LMW-GS (i.e., 42 KDa, the most abundant sub-unit and a marker for wheat
quality, and 37 KDa), while WF positively influenced the upregulation of Glia in the molecular weight
range of 28–35 KDa (involved in gluten proprieties).

Under Mediterranean areas, the adoption of CA in durum wheat-based farming systems is a
useful choice to combine interesting yield with quality traits (i.e., GPC and LMW-GS) as well as with
soil, water, air, and biological benefits.
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Abstract: Cultivation of green manure (GM) crops in intensive cropping systems is important for
enhancing crop productivity through soil quality improvement. We investigated yield sustainability,
nutrient stocks, nutrient balances and enzyme activities affected by different long-term (1982–2016)
green manure rotations in acidic paddy soil in a double-rice cropping system. We selected four
treatments from a long-term experiment, including (1) rice-rice-winter fallow as a control treatment
(R-R-F), (2) rice-rice-milkvetch (R-R-M), (3) rice-rice-rapeseed (R-R-R), and (4) rice-rice-ryegrass
(R-R-G). The results showed that different GM rotations increased grain yield and the sustainable
yield index compared with those of the R-R-F treatment. Compared with those of R-R-F, the average
grain yield of early rice in R-R-M, R-R-R, and R-R-G increased by 45%, 29%, and 27%, respectively and
that of late rice increased by 46%, 28%, and 26%, respectively. Over the years, grain yield increased
in all treatments except R-R-F. Green manure also improved the soil chemical properties (SOM and
total and available N and P), except soil pH, compared to those of the control treatment. During the
1983–1990 cultivation period, the soil pH of the R-R-M treatment was lower than that of the R-R-F
treatment. The addition of green manure did not mitigate the soil acidification caused by the use of
inorganic fertilizers. The soil organic matter (SOM), total nitrogen (TN) and total phosphorus (TP)
contents and stocks of C, N and P increased over the years. Furthermore, GM significantly increased
phosphatase and urease activities and decreased the apparent N and P balances compared with those
in the winter fallow treatment. Variance partitioning analysis revealed that soil properties, cropping
systems, and climatic factors significantly influenced annual grain yield. Aggregated boosted tree
(ABT) analysis quantified the relative influences of the different soil properties on annual grain yield
and showed that the relative influences of TN content, SOM, pH, and TP content on annual crop
yield were 27.8%, 25.7%, 22.9%, and 20.7%, respectively. In conclusion, GM rotation is beneficial for
sustaining high crop yields by improving soil biochemical properties and reducing N and P balances
in acidic soil under double- rice cropping systems.
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1. Introduction

Long-term fertility experiments have been important resources for exploring nutrient cycling
and performing overall assessments of soil fertility [1]. Long-term experiments provide a platform
for investigating crop yield trends, productivity, soil quality, and other factors that contribute to
agricultural sustainability [2]. Worldwide, irrigation and fertilization are the two most important
factors for obtaining higher agricultural productivity and sustainability [3]. However, other factors,
such as climate, pests, cultivars, soil types, and fertilization patterns, also contribute to changing yield
trends and sustainability in long-term cropping systems [4].

During the past decades, due to the continuous and unwise use of fertilizers, rice (Oryza sativa)
yield has increased significantly, but nutrient use efficiencies have decreased. This over fertilization has
not only resulted in economic losses to farmers due to the misuse of expensive fertilizers but has also
led to degradation of the soil and affected air, and water quality [5,6]. The negative effects of degraded
soil quality, such as acidification and poor soil structure, on rice yield have been found in many
studies [7,8]. Crop rotation with legumes such as green manure (GM) not only improves the soil quality
and soil water content by increasing soil organic matter but also increases nutrient availability through
atmospheric N fixation with rhizobia [9]. Studies have found that GM decreased the population,
species, and density of unwanted weeds in rice fields [10]. Similarly, GM not only improves the soil
biological (microbial activities) and physical properties [11,12] but also increases the carbon (C) and
N cycling [13–15]. Furthermore, GM increases the quantity of water-stable macroaggregates in the
topsoil and increases the capacity of microbes to mineralize organic N; consequently, it can enhance
the N supply capacity and crop productivity [16,17]. Cultivation of GMs such as Chinese milkvetch
(Astragalus sinicus L.) in paddy soils can exploit their natural qualities and improve rice productivity
with minimal economic and environmental losses [18,19].

Previous studies of different long-term experiments at different locations have indicated decreasing
yield trends after a few years of continuous cropping under rice-wheat (Triticum aestivum) rotations [20].
The cultivation of input-responsive high-yielding cultivars has been increased, compelling farmers to
apply high doses of chemical fertilizers. Excessive use of inorganic fertilizers is a common practice to
meet the nutrient need of high-yield varieties. Different long-term experiments have indicated that
long-term continuous and excessive chemical fertilization degraded the soil quality and increased
acidification, which resulted in poor crop sustainability [21,22].

The sustainable yield index (SYI) represents the actual yields over a long period. A higher
sustainable yield index indicates that an area will produce an acceptable yield over the years through
better cultivation practices [20–22]. SYI is a quantitative measure with which to assess the sustainability
of an agricultural practice [23]. Long-term experiments provide one of the means of measuring the
sustainability of an agricultural system [2]. Data records from long-term experiments can be used
as early warning systems for the future [24]. In China, many long-term fertility experiments have
indicated wide variability in crop yields that has been attributed to the continued reduction of soil
fertility [6,25]. To monitor the long-term fertility and yield response of crops to fertilization, the first
step in analyzing long-term experiments is to identify the sustainability of crop productivity. Previous
studies have mainly focused on the effects of GM on rice production in short- term experiments or in a
single cropping system [26,27]. However, little is known about the benefits of different GM rotations
for sustainable rice productivity and nutrient balance, especially in paddy soils under long-term
rice-based cropping systems [28–30]. The aims of this study were to investigate the effect of different
green manure rotations on SYI, crop yield, apparent nutrient balance, and enzyme activities in an
acidic paddy soil.
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2. Materials and Methods

2.1. Site Description

A long-term (1982–2016) field experiment was conducted at the red soil experiment station of
the Chinese Academy of Agricultural Sciences in Qiyang County (26◦45′42” N, 111◦52′32” E), Hunan
Province, China. The climate in this region is a humid subtropical monsoon with a mean annual
rainfall of 1290 mm. The main rainfall period is from April to the end of June, during the period of
early-season rice cultivation. The drought period is from August to October during the late-season
rice cultivation period, and the mean annual temperature is 17.8 ◦C. The mean annual temperature
(MAT) and mean annual precipitation (MAP) for the experimental period are shown in Figure S1. The
paddy soil of this region is categorized as a Ferralic Cambisol [31], which was made by Quaternary red
clay. The initial soil properties were pH 6.1, soil organic matter (SOM) 20.4 g kg−1, total N 0.94 g kg−1,
total P 0.65 g kg−1, total K 10.6 g kg−1, alkali-hydrolyzed N 148 mg kg−1, Olsen-P 17.6 mg kg−1 and
available K 175 mg kg−1 in the 0−20 cm soil layer.

2.2. Experimental Design

The four cropping treatments were rice-rice-winter fallow (R-R-F), rice-rice-milkvetch (Astragalus
sinicus L.) (R-R-M), rice-rice-rapeseed (Brassica napus L.) (R-R-R) and rice-rice-ryegrass (Lolium
multiflorum) (R-R-G). All treatments had three replicates arranged in a randomized complete block
design. The area of each replicate was 37.5 m2 (2.5 m × 15.0 m). Each replicate plot was separated from
the adjacent replicates by a 60-cm cement barrier to prevent water and nutrient contamination from
the nearby plot. The total fertilizer application rates for each rice growing season were 153 kg ha−1 N,
84 kg ha−1 P2O5, and 129 kg ha−1 K2O. The compound fertilizer (600 kg ha−1) containing 14% each of
N, P2O5, and K2O was applied as basal application 1 day before rice transplantation, while urea and
potassium chloride for N (69 kg ha−1) and K2O (45 kg ha−1), respectively, were topdressed 6 to 10 days
after rice transplantation. Green manure crops were sown in the middle of October after the late rice
was harvested and were plowed into the soil as a whole crop before the early rice transplantation (in
the first week of April) every year. The seeding rates of milkvetch, rapeseed, and ryegrass were 37.5,
7.5, and 15.0 kg ha−1, respectively. Early and late rice seedlings were transplanted with spacing of 20
cm × 20 cm and 20 cm × 25 cm, respectively, and each hill contained three seedlings. All rice straw
(except the rice stubble) was removed from the plots after each seasonal rice harvest. No fertilizer
was applied to the green manure crop in winter. The fresh biomass of the incorporated ryegrass,
milkvetch, and rapeseed was 5700 kg ha−1, 6000 kg ha−1, and 6200 kg ha−1, while the dry matter was
1126 kg ha−1, 1276 kg ha−1, and 1249 kg ha−1, respectively. Milkvetch contained 43.7% C and 3.9% N
contents, ryegrass contained 41.5% C and 1.8% N contents, rapeseed contained 42.3% C and 1.76% N
contents in samples collected in 2017. Conventional routine management practices were used for pest
management and irrigation. The rice varieties used locally were selected and were replaced every 3–5
years (Table S1). Flooding was maintained throughout the early rice season, and the field was drained
at the late rice ripening stage [32,33].

2.3. Sampling and Analysis

Early and late rice grain and straw samples were manually harvested at six randomly selected
points from each plot and weighed. Grain and straw samples were oven-dried at 105 ◦C for 30 min and
then heated at 70 ◦C to a constant weight for dry matter and total N and P determination. Dried grain
and straw samples were ground and digested with H2SO4-H2O2 at 260–270 ◦C. The total plant N and
P were determined using the semimicro Kjeldahl digestion method and the vanadomolybdate yellow
method, respectively (Jackson 1969; Nelson and Sommers 1980). The soil samples were collected every
year from the starting date of the experiment (1983) to 2016. Soil samples were collected at a depth of
0–20 cm from five randomly selected points in each plot after late rice harvest, and plant materials and
stones were removed from the soil. Soil samples were then mixed, air-dried, and sieved (0.2 mm) for
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the determination of soil chemical properties. Soil organic carbon (SOC) was determined with the
potassium dichromate oxidation method [34], and total N (TN) was determined with the Kjeldahl
method [35]. Soil total P (TP) was determined according to Murphy and Riley [36]. Alkali-hydrolyzable
mineral N (AN) was determined according to Lu [37]. Available P (AP) was extracted using 0.5 mol
L−1 NaHCO3, and the measurement of AP was performed by the Olsen method [38].

For enzyme activity determination, soil samples were collected in 2017 after the late rice harvest.
Enzyme activities were determined in field-moist soil samples. A portion of the subsamples was used
to determine the soil moisture content before the analysis of enzyme activities by oven drying at 105
◦C for 24 h. Acid phosphomonoesterase (AcP) and phosphodiesterase (DP) activities were determined
following Tabatabai [39]. Briefly, 1 g of soil was incubated at 37 ◦C for 1 h after adding p- nitrophenyl
phosphate as a substrate solution with a buffer solution of pH 6.5 for AcP. DP was assayed using a
substrate solution of bis-p-nitrophenyl phosphate with a buffer solution of pH 8. Urease activity was
determined following the colorimetric method [40]. Briefly, 5 g of moist soil was incubated at 37 ◦C for
2 h after adding urea solution as the substrate. A modified Berthelot reaction was followed to extract
the released ammonium by potassium chloride solution. The activities of Acp and DP were expressed
as μg NP g−1 soil h−1, and urease activity was expressed as μg N g−1 soil 2h−1.

Stocks (S) of SOC, total N and total P were estimated as follows:

S = SOC× BD×H × 10−1 (1)

where, S is the stock (ton ha−1) of soil organic carbon (SOC), total N or total P. The concentration of soil
organic carbon (g kg−1), total N (g kg−1) or total P (g kg−1) is used in the equation. BD is the soil bulk
density (g cm−3), and H is the depth of soil sampling (cm). BD is the soil bulk density (g cm−3), and H
is the depth of soil sampling (cm). In the present study, the soil bulk density was not measured directly
from the field and was calculated using the following equation in ref. [41].

BD = −0.0048× SOC + 1.377 (2)

The apparent nutrient balance (AB) (kg ha−1 year−1) is the difference in nutrient inputs to the
field through fertilization and nutrient outputs from the field in harvested biomass [42]. The apparent
nutrient balance is based on the soil surface (lower plow) balance but does not incorporate the potential
losses incurred from runoff or soil erosion. A positive value of the apparent nutrient balance indicates
a nutrient surplus, and a negative value of the apparent nutrient balance (nutrient deficit) indicates
declining soil fertility [42]. The environmental risk threshold values are 45 kg ha-1 year-1 for the P
balance and 180 kg ha-1 year-1 for the N balance [43,44]. The apparent nutrient balance was estimated
using the following equation [44]:

Apparent nutrient balance = Finput −Noutput (3)

where Finput is the nutrient input from fertilizers and Noutput is nutrient offtake by the crop in the
harvested biomass (nutrients assimilated into straw and grains of rice).

2.4. Sustainable Yield Index (SYI)

SYI is a quantitative measure with which to assess the sustainability of an agricultural practice [23].
The sustainable yield index (SYI) was estimated using the following equation [45]:

Sustainable Yield Index(SYI) =
Ymean− σ

Ymax
(4)

where Ymean is the mean yield of a treatment, σ is the treatment standard deviation, and Ymax is the
maximum yield in the experiment over the years for each treatment.
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2.5. Statistical Analysis

We evaluated the significant differences among treatments by one-way ANOVA, and interactive
effects of treatments and cultivation years were evaluated by two-way ANOVA followed by least
significant difference (LSD) test at the p = 0.05 level significance [46] using SPSS 16.0 software (SPSS,
Chicago, IL, USA). Variance partitioning analysis (VPA) was performed to evaluate the contributions
of soil factors (soil pH, SOM, total N, and total P), cropping systems, climatic factors (MAT and MAP),
and their interactions in changing the annual rice yield over the cropping period (1984–2016) using
CANOCO for Windows (version 5.0). Aggregated boosted tree (ABT) analysis was performed to
investigate the relative influence of the important soil factors on annual crop yield using the ‘gbmplus’
package in R software (version 3.3.3) [47].

3. Results

3.1. Crop Yield and Sustainability Index

The results showed that long-term rotations of different green manure (GM) types in the double-
rice cropping system significantly (p ≤ 0.05) increased grain yield and sustainable yield index (SYI)
compared to those in the winter fallow system (Table 1 and Figure 1). The highest increase in the
average grain yield and SYI over the period of early and late season cropping was under the milkvetch
rotation (R-R-M). Compared to R-R-F, the average increases in grain yield in R-R-M, R-R-R, and R-R-G
were 45%, 29%, and 27%, respectively, in early rice and 46%, 28%, and 26%, respectively, in late rice.
Compared to those in the winter fallow system, crop yields of both early and late rice were increased
over the year, but the highest increase was under the R-R-M treatment (Figure 1). The increases in SYI
in R-R-M, R-R-R. and R-R-G compared to R-R-F were 36%, 21%. and 23%, respectively, in early rice,
24%, 20.3%. and 10%, respectively, in late rice and 19%, 16%. and 9.5%, respectively, in double-rice
cropping systems overall.

Table 1. Effect of long-term green manure rotations on the sustainability yield index (SYI) of double-rice
cropping systems in acidic paddy soil.

Treatments Average Grain Yield (kg ha−1) Yield Sustainability Index

Early Rice
Yield

Late Rice Yield Early Rice Late Rice
Double Rice

Cropping

R-R-F 4532 ± 812 c 4022 ± 780 c 0.53 c 0.59 c 0.63 c
R-R-M 6559 ± 819 a 5859 ± 741 a 0.72 a 0.73 a 0.75 a
R-R-R 5853 ± 917 b 5135 ± 623 b 0.64 b 0.71 a 0.73 ab
R-R-G 5769 ± 930 b 5076 ± 728 b 0.65 b 0.65 b 0.69 b

Average grain yield is based on mean of grain yield of all cultivation years (1982–2016). Means followed by different
letters are significantly (p ≤ 0.05) different from each other according to Tukey’s LSD test.
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Figure 1. Linear regression showing trends of rice grain yields over the years (1982–2016) under green
manure rotations in the rice-based cropping system.

3.2. Soil Nutrient Content, Nutrient Stocks, and Apparent Nutrient Balance

The treatment × year interaction significantly affected soil properties (Table 2). During the
fertilization period of 1983–1990, soil pH was not significantly different between the R-R-G and
R-R-R treatments. Among all treatments, during 1983–1990, the soil pH was lowest under the R-R-M
treatment. The soil pH under the R-R-F and R-R-M treatments during 1983–1990 was decreased by
0.98% and 2% compared to the initial soil pH. During the period of 1991–2000, the soil pH among all
treatments was decreased compared to the soil pH during 1983–1990, and it was highest under the
R-R-R treatment. In all treatments, over the years, the SOM content was higher than the initial SOM
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content. Compared to the initial SOM content, the increases in SOM content under the R-R-F, R-R-M,
R-R-G, and R-R-R treatments were 7.3%, 23%, 12.2%, and 12.7%, respectively, during 1983–1990 and
11.3%, 20%, 15.6%, and 16.6%, respectively, during 1991–2000. The respective increases in SOM content
during 2001–2016 under the R-R-F, R-R-M, R-R-G, and R-R-R treatments were 33.8%, 40.6%, 36.7%,
and 41.2%, respectively, compared to the initial SOM content. The soil TN content in all treatments
was higher in all fertilization periods compared to the initial soil TN content. Compared to that in the
R-R-F treatment, the increase in the soil TN content under the R-R-M, R-R-G, and R-R-R treatments was
15.9%, 14%, and 7.5%, respectively, during the period 1983–1990, by 23%, 7.0%, and 16%, respectively,
during 1991–2000, and by 9.8%, 4.6%, and 3.9%, respectively, during 2001–2016. Over the years, the soil
TP content increased in all treatments compared with the initial soil TP content. The soil TP content in
the R-R-F, R-R-M, R-R-G, and R-R-R treatments increased by 6%, 7.7%, 12%, and 7.7%, respectively,
during 1983–1990. During 1991–2000, the TP content was highest under the R-R-R treatment and did
not show a significant difference among the R-R-F, R-R-M, and R-R-G treatments. During 2001–2016,
the soil TP content also did not show a significant difference between the R-R-F and R-R-M treatments
or between the R-R-G and R- R-R treatments. After 34 years of cropping, the increases in AN under
R-R-M, R-R-R and R-R-G compared to R-R-F were 22%, 6.4%, and 16.5%, respectively, in early rice
and 11%, 6%, and 5.6%, respectively, in late rice (Figure 2). Similarly, compared to R-R-F, the increases
in Olsen-P under R-R-M, R-R-R, and R-R-G were 10.5%, 25.7%, and 22%, respectively, in early rice
and 11.7%, 19.3%, and 25.5%, respectively, in late rice. Green manure increased stocks of C, N, and P
compared to those in the winter fallow treatment (Figure 3). On average, across the years, the soil C
and N stocks were not different between the R-R-R and R-R-G treatments. Over the years, soil C, N,
and P stocks increased in all treatments, and the lowest increase was under the R-R-F treatment.

Figure 2. Effect of different long-term green manure rotations on soil available N after early rice harvest
(A) and after late rice harvest (B), and available P after early rice harvest (C) and after late rice harvest
(D). Error bars represent ± standard deviations; different letters over the bars indicate significant (p ≤
0.05) differences according to Tukey’s LSD test.
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Figure 3. Effect of different long-term green manure rotations on stocks of soil organic carbon (A), total
N (B) and total P (C) in acidic paddy soil. Error bars represent ± standard deviations; different letters
over the bars indicate significant (p ≤ 0.05) differences according to Tukey’s LSD test.

GM rotations significantly (p ≤ 0.05) influenced the annual apparent N and P balance in the long-
term experiment on the double-rice cropping system (Figure 4). In the control treatment (R- R- F),
the apparent N and P balances were highest compared with those in all other GM treatments. The
annual N balance in the R-R-M, R-R-R and R-R-R treatments was decreased by 38%, 21%, and 24%,
respectively, and the annual P balance was decreased by 36%, 27%, and 34%, respectively, compared
with those of R-R-F in the double-rice cropping system.
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Figure 4. Effect of different long-term green manure rotations on annual apparent (A) N and (B) P
balances in acidic paddy soil. Error bars represent ± standard deviations; different letters over the bars
indicate significant (p ≤ 0.05) differences according to Tukey’s LSD test.

3.3. Enzyme Activities

Different long-term GM rotations significantly influenced phosphatase and urease activities
(Figure 5). Acid phosphomonoesterase (AcP), phosphodiesterase (DP), and urease activities were
highest in the R-R-M treatment and lowest in the R-R-F treatment. Compared with those in the control,
the R-R-M, R-R-R, and R-R-G treatments increased AcP activity by 68%, 52%, and 50%, DP activity
by 83%, 70%, and 65% and urease activity by 72%, 20%, and 25%, respectively. Available N and P
significantly positively affected AcP and DP activities (Figure S2). Available N also showed significant
positive linear relationship with urease activities.
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Figure 5. Effect of different long-term green manure rotations on enzyme activities in acidic paddy soil.
Error bars represent ± standard deviations; different letters over the bars indicate significant (p ≤ 0.05)
differences according to Tukey’s LSD test.

3.4. Factors Influencing Crop Yield

We investigated the contributions of different factors influencing crop yield by variance partitioning
analysis and aggregated boosted tree (ABT) analysis. The changes in early and late rice yield over the
long period of cropping were due to variations in different soil and climatic factors in the long-term
double-cropping system. Variance partitioning analysis showed that soil properties (pH, SOM, total N,
and total P) accounted for 11.3% of the variation, the cropping system accounted for 8.8%, and climatic
factors (MAT and MAP) accounted for 4.6% of the variation in annual grain yield. The total variance
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explained by VPA was 36%, and the unexplained proportion was 64% for annual grain yield (Figure 6).
Aggregated boosted tree (ABT) analysis indicated that soil TN, SOM, soil pH, and soil TP contents
were the most influential factors on crop yield (Figure 7).

Figure 6. Variance partitioning analysis (VPA) indicating the effects of soil properties, cropping
systems, and climatic factors on annual crop yield under long-term green manure rotations in rice-based
cropping systems.

Figure 7. Relative influence (%) of different predictors on annual crop yield by aggregated boosted tree
(ABT) analysis. Long-term data (1983–2016) were used for ABT analysis.

4. Discussion

The sustainability yield index (SYI) is considered a major indicator of agricultural sustainability
for crop production and soil fertility management [48,49]. A high SYI indicates a more sustainable
cropping system [29]. In this study, different long-term (34-year) GM rotations significantly (p ≤ 0.05)
increased grain yield and sustainability yield index (SYI) values compared to those of a winter fallow
system in acidic soil under a double-rice cropping system (Table 1 and Figure 1). The highest increases
in grain yield and SYI for both early and late rice were under the milkvetch rotation because milkvetch
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is a leguminous species that provides a large quantity of biologically fixed N for better plant growth
and production [33]. GM rotation improves the soil properties and nutrient supply capacity [28].
Yang et al. [32] found that GM increased both the quality and quantity of SOM and had a positive
impact on soil nutrient availability, which helped to increase the sustainability of rice yield. However,
in previous studies, long-term experiments showed declining trends in grain yield under rice-rice
and rice-wheat cropping systems [20,50]. In our results, the R-R-F treatment decreased the crop yield
over the years (Figure 1). It has been shown that in double-cropping systems, long-term inorganic
fertilization may decrease the crop yield over the years due to decreasing soil quality, including through
increasing soil acidification [29,51,52]. In long-term experiments, different factors such as climate and
soil properties influence productivity over the long cultivation period. In our study, soil properties,
cropping systems, and climate significantly influenced crop yield. These results are consistent with
previous studies, indicating the influence of soil properties and climate (mean annual temperature and
mean annual precipitation) on rice yield [53,54]. However, in our VPA analysis results, the unexplained
proportion was 64%, which was higher than the explained proportion. This might be due to the same
rates of inorganic fertilization being applied in all cropping treatments because fertilizer is one of the
main influencing factors on crop yield in long-term fertility experiments [55,56].

Soil fertility is one of the main indicators for measuring the sustainability of cropping
systems [28,57]. Our results showed that GM increased nutrient contents and stocks compared
to those under the winter fallow treatment, and the highest increase in available N content was under
the R-R-M treatment (Figure 2). Non-leguminous cover crops decrease nutrient leaching and enhance
nutrient availability [58]. Leguminous cover crops enhance N availability and therefore increase crop
yield by improving N use efficiency [27]. The ability of legumes to fix atmospheric molecular dinitrogen
into mineral N for plant uptake makes legumes the most efficient GM [59]. The decreasing trend in
soil pH could have been due to long-term synthetic fertilization [28]. Lin et al. [51] also observed a
declining trend in soil pH in paddy soil under long-term fertilization. Many studies observed soil
acidification caused by long- term inorganic fertilization [51,60]. Moreover, plants release net H+ ions;
on the other hand, when the uptake of anions exceeds the cation uptake, they release a net excess of
OH− or HCO3

− [61]. It was also observed in previous studies that N fertilization shifted the soil to
the Al3+ buffering stage. Al is released in soil solution from the surface of clay minerals during the
hydrolysis process of Al hydroxides at a relatively low soil pH, which may also decrease the amount
of base cations and increase the soil acidity [62]. However, the alkaline nature of GM neutralizes the
protons in acidic soil and helps to improve soil pH [63]. GM can also help to improve soil physical
and chemical properties by improving soil porosity [17,64] and structure, reducing leaching [65] and
increasing water holding capacity [32,66], thereby providing suitable conditions for proper plant
growth to sustain long-term crop yield.

Nutrient release in soil from decaying SOM under long-term GM application increases the soil
enzyme activities [67]. Leguminous cover crops change the microbial community in rhizosphere soil
and increase the enzyme activities [33]. Moreover, available N and P showed significant positive
relationship with enzyme activities (Figure S2), which indicate that higher enzyme activities enhance
the nutrient availability and their uptake by crop, that may reduce the nutrient balance in the present
study. The decreases in the annual N and P balances were consistent with the results of Balík et
al., [68] but different from the results found by Ladha et al., [69] probably because the crop yield in
the study by Ladha et al. [69] was not significantly different after GM rotation compared with the
yields obtained by chemical fertilization. In this study, the lowest annual N balance was under the
Chinese milkvetch rotation, possibly because the Chinese milkvetch increased crop yield and N uptake
more than the ryegrass and rapeseed rotations [33,70,71]. In addition, the magnitude of the annual P
balance reduction was less than that of the annual N balance (Figure 4). This finding was supported
by a previous study conducted in Tianjin [72]. However, the annual P balances among all three GM
treatments were not significantly different. The annual P balance is mainly controlled by soil abiotic
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factors (soil properties and climate) or biological factors (microorganisms) and is less affected by the
GM species [73], which was consistent with our findings.

5. Conclusions

We have concluded that green manure rotation in a rice-based cropping system significantly
increased crop yield sustainability by increasing soil nutrient availability and enzyme activities in
acidic paddy soil. The highest increase in crop yield was under the rice-rice-milkvetch rotation system.
However, green manure crops did not mitigate soil acidity due to the long-term addition of inorganic
fertilizer during the early and late rice seasons. Green manure also decreased the apparent N and P
balances by increasing the N and P uptake compared to those in winter fallow in rice-based cropping
systems. The soil properties, cropping system, and climatic conditions significantly contributed to
changing the annual crop yield over the experimental period. Among the soil properties, TN, SOM,
pH, and TP were the most influential factors on crop yield. Therefore, the cultivation of green manure
in rice-based cropping systems could be helpful for enhancing crop yield sustainability but might not
be very effective for mitigating soil acidity under long-term inorganic fertilization in acidic paddy
soil. Moreover, GM crops could be helpful for minimizing the environmental losses of N and P by
decreasing the apparent N and P balances.
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Figure S1: Long-term (1983–2016) mean annual temperature and precipitation during the period of experiment
of GM rotation in double rice cropping system, Figure S2: Linear regression analysis indicating relationships of
enzyme activities with available nitrogen and available Phosphorus under long-term green manure rotation in
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Abstract: Nitrogen (N) fertilizers are needed to enhance maize (Zea mays L.) production. Maize plays
a major role in the livestock industry, biofuels, and human nutrition. Globally, less than one-half
of applied N is recovered by maize. Although the application of N fertilizer can improve maize
yield, excess N application due to low knowledge of the mechanisms of nitrogen use efficiency
(NUE) poses serious threats to environmental sustainability. Increased environmental consciousness
and an ever-increasing human population necessitate improved N utilization strategies in maize
production. Enhanced understanding of the relationship between maize growth and productivity
and the dynamics of maize N recovery are of major significance. A better understanding of the
metabolic and genetic control of N acquisition and remobilization during vegetative and reproductive
phases are important to improve maize productivity and to avoid excessive use of N fertilizers.
Synchronizing the N supply with maize N demand throughout the growing season is key to improving
NUE and reducing N loss to the environment. This review examines the mechanisms of N use
in maize to provide a basis for driving innovations to improve NUE and reduce risks of negative
environmental impacts.

Keywords: maize production; nitrogen use efficiency; nitrogen nutrition

1. Nitrogen Application in Crop Production

Crop production is the principal cause of human modification of the global nitrogen (N) cycle [1,2].
Nitrogen is a crucial input in agriculture to sustain agricultural livelihoods and support the increasing
human population [3]. From 1930 to 1960, N fertilizer use escalated from 1.3 to 10.2 million metric tons
(MMt) [4]. During this time of increased N fertilizer use, there was a concomitant increase in N losses
to the environment, leaching of nitrate into groundwater, aquatic eutrophication, emission of ammonia
and nitrous oxide, and soil acidification [5–7]. The global demand for N fertilizers was 112 MMt in
2014 [8] and is predicted to reach 240 MMt by 2050 [9].

Since the 1960s, the global use of N fertilizers has grown nearly seven-fold [10,11], but the overall
yield increase was only 2.4-fold [12,13]. Worldwide, more than 50% to 75% of applied N fertilizer is not
taken up by crops [14–16], and recovery of applied N by maize (Zea mays L.) rarely exceeds 50% [17,18].
Nitrogen use efficiency (NUE) can be defined as the increase in grain yield per unit of applied N and is
the product of absorption efficiency (increase in absorbed N per unit of applied N) and utilization
efficiency (increase in grain yield per unit of absorbed N) [19,20].

Synthetic fertilizers are now the primary source of N applied to cropland, although organic N from
livestock manure remains important [20]. The environmental cost of excess N application in Europe is
estimated at 78 to 357 billion US dollars per year [21]. Nitrogen availability to plants is the difference
between N supply and losses due to pathways such as leaching, runoff, ammonia volatilization,
additional gaseous N losses, and immobilization, highlighting the multifaceted interaction among
the soil, plant, and atmosphere in regulating N availability and uptake by plants [22]. Nitrogen is
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an essential nutrient for maize and a key determinant of grain yield, particularly through its role
in photosynthesis and other biological processes such as absorption of water and minerals, vacuole
storage, and xylem transport. However, N application is a great concern in maize production due to the
negative effects of excess application on groundwater quality [23]. Mineral N fertilizers manufactured
by the Haber–Bosh process can represent up to 50% of the operational cost in crop production,
depending on the crop [24]. Comparatively, the overall cost of reduced N fertilizer requirements for
grain crops due to crop rotation with legumes is just 4% to 71% of the cost of an equivalent amount of
synthetic N fertilizer [25,26]. Legumes can also increase the yield of subsequent grain crops and have a
delayed N release compared to synthetic fertilizers [27,28]. Therefore, it is environmentally beneficial
to include legumes in cropping systems [20,26].

2. Nitrogen Use Efficiency in Maize

Cereal grains such as maize, rice (Oryza sativa L.), and wheat (Triticum aestivum L.) provide 60%
to 94% of the world’s nourishment [20,29]. Among these, maize ranks second to wheat in global
production, with 500 MMt produced annually on 130 million hectares [30]. Maize is used for livestock
feed, biofuel, and human consumption [31,32], and global demand for maize is anticipated to increase
by 16% by 2027, due primarily to a > 50% increase in consumption by livestock [33].

Nitrogen accumulation in aboveground maize biomass typically increases as the N level in the
soil increases [34], and aboveground biomass can be reduced if the soil N supply is insufficient for
crop demand [35]. Aboveground biomass production also influences maize N uptake potential [36].
Nitrogen accumulated in maize biomass is partitioned into grain and Stover, with luxury N uptake
occurring when N supply exceeds the minimum requirements for maximum grain yield [37,38]. Several
factors can affect N uptake by maize, of which soil moisture, temperature, structure, and bulk density
are most important [39,40]. Thus, improvement in aboveground biomass production requires adequate
N supply and uptake by maize.

Increases in maize grain yield are associated with increases in aboveground biomass [41–43], and
grain yield improvements are associated with increased harvest index [41,44]. Harvest index is the
ratio of grain to total aboveground biomass (grain, cob, and Stover) per unit area at physiological
maturity [45,46]. Harvest index of maize produced in favorable growing environments is about 50% [46].
High levels of harvest index in maize typically occur with intermediate values of total aboveground
biomass relative to grain and decreases when individual plants are small (as with high plant density)
or large (as with low plant density) [47]. Harvest index can increase with heterosis if the increase in
kernel number is proportionately greater than that in total aboveground dry matter accumulation
during the grain-filling period [48,49]. Kernel number is related to dry matter accumulation [50] and
partitioning during the periods of anthesis and kernel establishment [51,52].

Nitrogen use efficiency has two components: (i) the efficiency of crop uptake of applied N and
(ii) the transformation efficiency of total aboveground crop N uptake to grain yield [53]. Nitrogen
use efficiency in maize is multifaceted and rests on N availability in the soil and rhizosphere, and
the utilization ability of the crop [22,54]. This is complicated by the many soil and environmental
factors that control the rates and products of N mineralization [55]. The use of soil N by maize involves
numerous steps, including uptake, translocation, and remobilization (Figure 1). This occurs during
two phases: (i) the N assimilation phase and (ii) the remobilization phase [22,38,56]. During the N
assimilation and remobilization phases, young roots and leaves are sink organs that efficiently absorb
and assimilate inorganic N for amino acids and protein synthesis.
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Figure 1. Diagram of nitrogen (N) use in maize.

The components of NUE include recovery efficiency of applied nitrogen (RE), physiological
efficiency of applied nitrogen (PE), and agronomic efficiency of applied nitrogen (AE) [38]. The
recovery efficiency of applied N reflects the efficiency of aboveground N uptake per unit of N applied
and is closely associated with assimilation capacity and decreases at greater N supply [57]. Physiological
efficiency is the efficiency by which N in aboveground plant tissues is converted to grain, and AE is
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grain yield per unit of N applied [58,59]. High NUE in maize is a combination of high N uptake and
high N utilization efficiency [60]. With a high level of N application, genetic differences in maize grain
yield are mainly due to variation in N uptake [53]. Since RE in maize is commonly < 50% [17,18], there
is a great opportunity to enhance maize RE and yield and reduce environmental impact [61,62].

3. Nitrogen Assimilation and Utilization by Maize

Nitrate and ammonium are the forms of inorganic N most greatly absorbed by the roots of
maize [63]. In warm and moist conditions, ammonium is oxidized to nitrate in soils almost as rapidly
as it is formed [64]. Thus, nitrate is usually the dominant form of plant-available N in soils [65].
Assimilated nitrate is stored in cell vacuoles, where it serves as a reservoir for N remobilization when
N uptake declines [22]. This pool of nitrate is the major source of N that contributes to grain filling.
The absorption of nitrate is a two-step process that involves a collective set of enzymes, namely nitrate
reductase and nitrite reductase, which catalyze and activate the reduction of nitrate to ammonium. The
reduction of nitrate to ammonium is the most limiting phase in N assimilation [66]. Nitrate reductase
increases leaf nitrate quantity at initial growth stages, and therefore can be used as a selection criterion
for maize genotypes with superior N absorption and grain yield [38,67].

Within plants, ammonium is incorporated into amino acids through glutamine synthetase and
glutamate synthase [68]. These are the main enzymes that convert inorganic N to organic molecules
for other metabolic activities [69]. Glutamine synthetase concentration is a key regulator of plant
growth that is controlled by N accumulation in plants and can be used as an indicator of grain yield
and to differentiate sink leaves versus source leaves [70,71]. The transformation of glutamate to
glutamine in leaves by glutamine synthetase is active in new vegetative tissues and is positively
correlated with post-anthesis N uptake and negatively correlated with the percentage of N in grain
from remobilization [72]. All assimilated N is directed through the processes catalyzed by glutamine
synthetase, and nitrate accumulation catalyzed by nitrate reductase and glutamine synthetase is a key
factor regulating NUE in maize [56,67].

Maize growth is dependent on the quantity of photosynthetically captured active radiation and
the efficiency by which it is converted to aboveground biomass [73]. Enhanced photosynthetic capacity
can contribute to greater biomass and grain yield [74]. The amount of intercepted photosynthetically
active radiation is influenced by the size and architecture of the crop canopy [75]. The distribution
of N within the canopy, with its significance for leaf and canopy photosynthesis, is a foremost factor
regulating radiation use efficiency in maize [76]. Following anthesis, the rate of maize N uptake
declines, and hybrids with greater N uptake have delayed leaf senescence (Figure 1) and prolonged
effective leaf area for photosynthesis [77].

Maize hybrids with delayed senescence have a greater ability to take up N during the grain-filling
period since continued leaf activity stimulates uptake of N [78]. During the grain-filling period, a
decline in N supply decreases dry matter partitioning to grain [79]. Maize genotypes with longer
stay-green maintain leaf chlorophyll for a greater duration, which can increase grain yield by 10% to
12% [80]. Figure 1 is a simple diagram illustrating the mechanisms of N use in maize.

4. Nitrogen Remobilization in Maize

Efficient N remobilization and leaf longevity are key features contributing to an improved yield
of contemporary maize hybrids [81,82]. The magnitude and duration of active leaf tissue affects N
uptake and the quantity of N accessible for remobilization [77]. Remobilization of N is greater when
post-anthesis N accumulation is less and is negatively correlated with leaf senescence [83]. Extended
duration of leaf metabolic activity enhances the ratio of source leaves to sink leaves throughout the
grain-filling period [81,82]. When maize N uptake is sustained throughout the grain-filling period, less
N is mobilized from vegetative organs, thereby increasing leaf area duration, delaying senescence, and
enhancing dry matter accumulation (Figure 1) [13]. High maize yield is attributed to the maintenance of
photosynthate source and N uptake throughout the grain-filling period [84]. During maize reproductive
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growth, increasing and sustaining the capacity for N uptake in soils with low N supply is an avenue for
improving NUE, and is dependent on the ability of the plant to supply the root system with the needed
assimilates for root development and N uptake for sustained photosynthesis [85]. At a given level of N
supply, increases in grain yield among maize genotypes are not always due to improvements in N
assimilation and usage, but rather enhanced NUE as a result of a more effective N remobilization [86].

Remobilization of N by maize early in the growing season contributes to vegetative development
and formation of the reproductive sink capacity, which affects grain yield [87]. Improved synchrony
between N supply and crop N uptake is key to enhancing NUE [88]. Shortage of N uptake due to
physiological restraints can arise even when there is a large sink capacity for grain protein synthesis,
resulting in N loss, enhanced remobilization of N from vegetative tissues to grain, and low NUE [89].
Relationships between N accessibility, late-season N uptake by maize, and remobilization of N are
influenced by soil N supply [84,90]. Low N supply following anthesis can lead to early leaf senescence
since the development of grain requires more N than the maintenance of vegetative tissues [91].

Maize hybrids with rapid early-season N uptake, efficient N remobilization, and complete leaf
senescence can perform well in environments with low N supply late in the growing season, while
hybrids that are proficient in late-season N uptake require conditions with greater soil N availability
late in the growing season to optimize grain yield [80]. Maize hybrids with enhanced NUE have
the capacity to achieve greater yield at a given level of N supply, particularly at low levels, through
enhanced N uptake and more efficient translocation of N to grain [19,91,92]. There is an inverse
relationship between N remobilization and N assimilation in maize, which results from a correlation
between photosynthesis and N uptake [83]. Growing environments that are favorable for post-anthesis
photosynthesis promote N uptake and are therefore associated with reduced N remobilization. When
growing environments are unfavorable for photosynthesis, post-anthesis N uptake in maize is reduced;
therefore, the quantity of N remobilization is positively associated with aboveground N content at
anthesis, and grain N content is associated with the level of post-anthesis N uptake and assimilation [83].
Disparities in post-anthesis N uptake in grain are mainly due to differences in total aboveground maize
N uptake following anthesis [93].

During senescence, photosynthesis is reduced and translocation of carbohydrates to roots declines,
contributing to a reduction in N uptake and an upsurge in N remobilization [94]. Genotypic differences
in the photosynthetic rate at the cellular level of maize are associated with differences in N remobilization
and can be used in breeding programs to improve NUE [95]. A substantial fraction of the N in maize
leaf tissue is involved in photosynthetic processes, and the photosynthetic rate is closely associated
with leaf N content [96]. The level of N remobilization from the stalk of maize is related to the
level of N remobilization from leaves and N accumulation at flowering [97]. Following anthesis,
leaf N content quickly declines due to remobilization to grain, especially in conditions with low N
supply [98]. With greater soil N supply, there is generally no relationship between leaf N content and
N remobilization [98]. Nitrogen supply from floral initiation to anthesis regulates kernel number and
subsequently kernel weight [99]. Nitrogen uptake and remobilization are independently inherited
traits, so favorable alleles could be combined when breeding for NUE [100].

5. Nitrogen Nutrition Index

Nitrogen nutrition index defines the N status of a crop and is the ratio between aboveground
N uptake and the critical N uptake required for maximum aboveground biomass. Aboveground
N accumulation in maize occurs most rapidly from mid-vegetative growth until anthesis and then
decreases until senescence [101]. During maize vegetative growth, the amount of structural tissues
increases more rapidly compared to metabolic tissues, such that N content is greatest in young
leaves [102,103]. Nitrogen content in leaves declines as leaf area increases, demonstrating that
N content depends on plant biomass [76,104]. Optimal N fertilizer application in maize requires
knowledge of the adequate N content for a given amount of maize biomass, along with a rapid and
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accurate method to determine N content and biomass [105]. Nitrogen nutrition index provides the
critical N content for a given amount of biomass [106].

Leaf and canopy N content in maize are positively correlated with their chlorophyll content
and are indicators of photosynthetic ability [107,108]. Canopy chlorophyll can be used to estimate
canopy-level N content in maize [107]. However, at the canopy level, the estimation of chlorophyll and
N content is much more challenging [109,110]. There is a close relationship between leaf N content and
maize grain yield [111]. Critical values or ranges of leaf chlorophyll meter readings in maize have been
used to determine N deficiency to improve N management [112–114]. However, knowledge about the
relationship between the N nutrition index and spectral canopy reflectance is limited [115].

6. Grain Nitrogen Harvest in Maize

Nitrogen harvest index is the proportion of N in grain relative to total aboveground biomass and
is an indicator of N translocation efficiency [116]. Nitrogen harvest index is not directly linked to grain
yield [45]. However, grain yield and grain N content are important for assessing NUE and serve as
selection criteria for breeding programs and N management practices [117]. Nitrogen harvest index
is greater in maize hybrids that sustain a high rate of photosynthesis during the grain-filling period,
leading to greater NUE [118].

7. Nitrogen Supply

Nitrogen availability is one of the most significant constraints to crop growth [119], and
the application of N through mineral and organic fertilizers plays a vital role in sustaining crop
production [12]. Nitrogen application can play a significant role in improving soil fertility [120].
Fertilization of N can increase grain yield and biomass in maize [121,122]. The leading source of
applied N worldwide is synthetic fertilizer, followed closely by livestock manure [123–125]. Application
of livestock manure with a high carbon-to-N ratio can lead to N immobilization in the soil, thereby
restricting maize N uptake and potentially yield in the short-term [126]. Soil organic matter can serve as
a temporary sink for available soil N not utilized by maize to reduce N losses [127]. Organic fertilizers
can lead to greater soil total N than mineral fertilizers after several cropping seasons [128,129], increase
organic matter in soil, enhance soil porosity, and improve soil water holding capacity [130], thereby
enhancing maize growth and nutrient uptake [131]. Application of composted manure for maize
production has been shown to produce less greenhouse gas emissions compared to mineral N fertilizer
in maize cropland due to slower release of available N [126]. Additionally, the application of organic N
(manure) has been shown to increase uptake of N, P, K, Ca, Mg, Zn, Fe, and Cu of maize grown on
Alfisol soils compared to NPK [131].

Mineral fertilizers can enhance maize grain yield and N uptake but also result in greater residual
NO3

−-N levels in the soil compared to organic fertilizers [132]. The application of mineral fertilizers can
directly or indirectly cause changes to the chemical, physical, and biological properties of the soil [133].
The usage of mineral N, P, and K fertilizers can increase the availability of N, P, K, Ca, Mg, Fe, Cu,
Mn, and Zn to maize [134,135]. The application of Zn has been shown to facilitate the tasseling/silking
of maize in combination with greater N doses [136,137]. Magnesium stimulates a large number of
enzymes in maize, can increase the rate of mineral N transformation into proteins [138], and plays a
key role in chlorophyll and the development of kernels in maize [139]. Potassium deficiency strongly
affects N metabolism and photosynthesis in maize [140]. The application of inorganic N fertilizers has
been associated with loss of soil organic carbon through enhanced respiration and greenhouse gas
emissions [141,142]. This loss reduces soil productivity and agronomic efficiency of applied N and
changes the balance of N and carbon in soil in favor of greenhouse gas emissions [143]. However, there
can be a positive collaboration between organic manures and urea as a N source [144], and integrated
organic and inorganic N application can lead to greater maize yield compared to sole application of
organic or inorganic N sources [145].
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Due to changes in the form of N in the soil, maize NUE is low and rarely exceeds 60% [146,147].
Nitrogen takes on nine different forms in the soil, conforming to different oxidative conditions (nitrate,
nitrogen dioxide, nitrite, nitric oxide, nitrous oxide, dinitrogen, ammonia, ammonium, and organic
N) [148]. Nitrogen mineralization is the conversion of organic N to inorganic forms, immobilization is
the uptake or assimilation of inorganic forms of N by microbes and other soil heterotrophs, nitrification
is the conversion of ammonium to nitrite and then nitrate, and denitrification is the conversion of
nitrate to nitrous oxide and then dinitrogen gas [148]. Most of the N in the soil originates as dinitrogen
gas, and this inert N cannot be used by plants until it is transformed to ammonium or nitrate [149].
Investigations using ion-selective microelectrode methods demonstrated that maize absorption is
suppressed from the root apex to 60 mm behind the root apex when ammonium and nitrate are both
supplied at the same time [150]

Mineralization of N is influenced by several factors, including the source and carbon-to-N ratio
of organic material, soil texture, temperature, water content, and pH, the microbial community,
and agronomic practices [151]. Mineralization of organic amendments intensifies available N and,
depending on the timing of mineralization, crop requirements for N, and sources and amounts of
applied N can be a key component of an integrated N management approach to achieve high NUE
while minimizing N loss [152]. However, accurate estimation of N mineralization from soil and organic
sources of applied N is challenging due to the large number of site, environmental, and agronomic
factors influencing it [153]. Integrated application of organic and mineral fertilizers at appropriate
rates can be an effective strategy for improving maize N uptake and yield [154–156].

8. Maize Adaptation to Low Nitrogen Supply

Nitrogen supply affects root mass and morphology, which are important for acquiring spatially
heterogeneous N in soil, particularly for newly mineralized N [157]. There is a close relationship
between root length and N accumulation in maize seedlings [158,159]. Root size is vital for N
uptake over the entire growth period of maize, but the initial establishment of a large root system
is indispensable [159]. In response to low N supply, maize develops a greater root-to-shoot ratio
and undergoes a slower rate of phenological development, with a greater proportion of root biomass
enhancing the absorption capacity of N [160].

At the same quantity of accumulated N, maize genotypes with enhanced NUE typically allocate a
greater proportion of N to the root system and develop a greater root system compared to less efficient
genotypes [161–163]. This may be related to their capacity to sustain root development after anthesis,
especially under conditions of low N supply [164]. Grain yield of maize is influenced by N supply,
level of N uptake, and capacity to effectively partition N to grain during the grain-filling period [165].
High-yielding maize hybrids typically have greater yield response to the N application rate than
low-yielding hybrids [19]. Sustainable post-anthesis uptake of N and maintenance of green leaf area
until maturity are key traits of maize hybrids with high yield potential [166]. These traits are especially
important for root longevity and N uptake in conditions of low N supply [166,167].

The efficiency of maize to utilize soil N depends on its ability to acquire, utilize, and translocate N,
which is influenced by root morphology and the biochemical and physiological processes involved in
nitrate assimilation [168]. Nitrogen uptake efficiency (total aboveground N accumulation at a given
level of N supply) is separated into constituent traits, which describe root characteristics associated with
genetic variation in N uptake [169]. Root tissue that is active in N acquisition, and the absorption rate
per unit of root mass, influence the rate of N uptake, and both component traits differ genetically [169].
Morphological development of the root system affects the processes involved in nitrate acquisition [169].
Differential lateral root development between genotypes affects the translocation of solutes from the
root system [170], as there is greater activity of nitrate reduction in root apices compared to basal
parts [171].
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9. Strategies to Improve Nitrogen Use Efficiency in Maize

Improvement in maize grain yield since the 1930s has been one of the greatest achievements
in agriculture [46]. High NUE is critical for sustainable maize production [151], but globally, maize
RE is only about 35% to 55% [61,62]. There is an opportunity to increase the NUE of maize through
enhanced understanding of the mechanisms of N use to guide appropriate N application. Nitrogen
use efficiency in maize is affected by soil N supply; hence, understanding the factors influencing
N absorption, assimilation, and mobilization are key to increasing NUE to circumvent excessive N
application and the subsequent negative environmental impacts (Figure 1) [172]. Increasing N supply
results in reductions in all indices of NUE (i.e., RE, PE, and AE) [173]. One strategy to reduce N losses
is to increase NUE through management practices to enhance the synchrony between N supply and
crop demand throughout the growing season [174–176]. It is also important to recognize the critical
stages of maize phenological development that are associated with NUE [125]. Further research should
be conducted to assess the effects of the different fertilizer types on the mechanisms of N use in maize.

Since the maize harvest index is already high, increasing N uptake, aboveground biomass, and
grain yield are paths to increasing NUE [177]. Developing hybrids capable of taking up more N or
utilizing assimilated N more effectively can improve NUE, while knowledge on the physiology and
genetics of N uptake and utilization is critical for the development of N-efficient hybrids [19,38,54].
Nitrogen use efficiency is controlled by a complex set of interactions among genotype, growing
environment, and agronomic management [20,178]. Therefore, more extensive screening of a wide
range of genotypes covering genetic diversity is needed to identify specific elements controlling NUE
and productivity [38,178].

Sustainability is founded on the standard that present needs are met without compromising the
needs of the future. Integrated collaboration between public and private sectors will improve the
understanding and management of the biological and agronomic factors controlling NUE [20]. This
will require a multidisciplinary approach, integrating expertise from crop developmental biology,
physiology, genomics, genetics, breeding, simulation modeling, and agronomy [179]. Therefore,
rigorous collaboration among stakeholders (i.e., environmental agencies, policy-makers, researchers,
farm advisors, and farmers) and skillful implementation of indicators and guidelines are needed to
improve NUE in maize production [180].
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Abstract: A three-year study was conducted to test the fertilization properties of different types
of compost as the total or partial mineral nitrogen fertilization substitute in an herbaceous crop
succession (Zea mays L., Triticum aestivum L. and Helianthus annus L.). Four types of compost (i. green
cuttings and depuration sludge, ii. green cuttings, organic fraction of municipal wastes and other
organic materials, iii. green cuttings, iv. green cuttings and organic fraction of municipal wastes)
and eight fertilization treatments (combining: unfertilized control, 100% mineral fertilization, 100%
compost, and 50% compost +50% mineral fertilization) were evaluated in terms of: (i) crop yields and
nitrogen uptake, (ii) soil organic carbon and nitrate nitrogen soil contents variation, and (iii) residual
nitrate nitrogen leached at the end of the experiment. Maize grain yield ranged from 5.2 ± 1.0 Mg ha−1

to 7.4 ± 0.7 Mg ha−1 with the highest value in the mineral fertilization treatment and the lowest
values in the 100% compost fertilization. Wheat and sunflower grain yields were not significantly
different among control, mineral, compost, or mineral/compost fertilization treatments with average
values of 5.1 ± 0.7 Mg ha−1 and 2.3 ± 0.3 Mg ha−1, respectively. Cumulative crop yield at the end
of the three years was not affected by the compost type, but was affected by fertilization treatment
(highest values with mineral and 50% compost +50% mineral fertilization). The compost application
did not highlight a relevant effect on soil organic carbon. Under 100% of compost fertilization,
the crops did not take up a large amount of the N supplied, but it did not generate an increase of
NO3-N leaching in the percolation water. Obtained results show the good fertilization properties of
compost whereas the amendment property was not relevant, probably due to the low rates applied
and the short experimental period.

Keywords: Zea mais L.; Triticum aestivum L.; Helianthus annuus L.; organic fertilization; mineral
N fertilization

1. Introduction

In the last decade, abundant soil mineral fertilizations have led to several issues (costs, nitrate
pollution, and loss of soil carbon) [1]. To maintain or increase optimum soil fertility, one possible
practice is maintenance of the humic acid content by recycling plant and algal matter, or by adding
outside sources of decomposed plant or algal matter such as composts, mulch, peat, or lignite coals [2].
In this scenario, fertilization with organic matter represents an alternative for the sustainability of
agro-ecosystems [3–5] even though its environmental impact should also be carefully evaluated [6].
Organic matter composting is one of the best-known and well-established processes that allow the
stabilization and sanitation of organic wastes through accelerated aerobic decomposition under
controlled conditions. This results in a product called compost [7]. Due to its main characteristic,
which is high content of stable organic nitrogen (N) [8] and stabilized organic matter, the use of compost
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in agriculture is a way to increase the organic matter content in the soil for long periods. Therefore,
this allows soil fertility maintenance and/or recovery [9] and better crop yields [10].

Compost characteristics are influenced by the organic matter used. Therefore, different types of
organic materials can produce compost with different composition, especially in terms of nutrients.
Considering the effect on crops, Montemurro et al. [11], using municipal solid waste compost alone or in
association with mineral fertilizer on sunflower, found similar oil and protein yield performance as that
with mineral fertilization. Higher tomato yield was reported by Islam et al. [12] when vermi-compost
was used in association with mineral fertilizers with respect to vermi-compost alone. Positive effects on
wheat and sunflower production and quality characteristics were reported by Fecondo et al. [13] using
bio-waste compost. Green compost, alone or in partial substitution for mineral fertilization, was tested
on cabbage by Nicoletto et al. [14] who reported comparable yield but higher content of antioxidants,
phenolic acids, and ascorbic acid with respect to mineral fertilization. Instead, neutral or antagonistic
interactive effects have been reported on many plant growth traits combining compost with biochar
for their fertilization [15]. Three different composts (food processing industry residues, municipal
waste, green cuttings residues, the organic fraction of municipal waste solid residues, and municipal
sludge and green cuttings residues) since N source were investigated on potatoes, lolium, and rye
succession by Passoni and Borin [16]. These experts reported a specific response of potato yield to
compost type, with the best results for the compost derived from food processing industry residues
and municipal waste. Gobbi et al. [17], using different types of spent mushroom substrate, alone or
combined with mineral fertilization, observed positive effects on lettuce and leek performance with
comparable yields to mineral fertilization without differences among compost types. Furthermore,
the short-cycle crops preferred mixed fertilization because organic substrates usually require a long
time for organic matter mineralization whereas organic fertilization is more effective for long-cycle
crops such as leeks [17]. In addition, the dose of compost should be taken into account as highlighted
by Ponchia et al. [18] who, using different doses of green waste compost as medium to grow rooted
cuttings of rose and Abelia × grandiflora, concluded that the use of compost has to be carefully evaluated
since there is a clearly different species tolerance, particularly in younger plants. This overview, thus,
indicates great potential for compost as a nutrient source, but contrasting results in relation to crop and
compost origin and characteristics. The question of whether compost can be used as a total or partial
substitute of mineral N is still open.

Although several studies have been conducted to evaluate the effect of compost application
on herbaceous crops yield, only a few papers focused on the comparison of more than one type of
compost with variable results. For this reason, the main aim of this study was to compare different
compost types as total or partial mineral N fertilization substitute in an herbaceous crop succession
(maize, wheat, and sunflower) in North-East Italy, considering crop response, soil organic carbon
content, and concentration of N in the percolation water and soil.

2. Materials and Methods

2.1. Site Description and Experiment Setup

The experiment was conducted at the University of Padua “L. Toniolo” Experimental Farm, Veneto
Region, North-East Italy (45◦11′ N, 11◦21′ E, 6 m a.s.l.) during a three-year research program from 2006
to 2008. The site consisted of 48 growth boxes, each with a 4 m2 surface area, arranged in two symmetric
lines of 24 boxes installed at 1.3 m above ground level to avoid water table interaction, especially during
the winter, and with the bottom open, to allow water percolation. A semi-automatic tension-controlled
ceramic suction plate system was installed in 16 boxes (2 replicates per treatment) at 0.90 m depth to
collect the percolation water. The system was controlled by an electric vacuum pump that was manually
activated to regulate the ceramic plate suction at 0.02 Mbar. At the beginning of the experimental
period, all growth boxes were filled with Fluvi-Calcaric Cambisol [19], whose physical-chemical
features related to the arable layer (0–30 cm), carried out following the Italian official methods [20,21],
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are reported in Table 1. The soil has a clay-loam texture, with a sub-basic reaction (7.7), soil organic
matter content of 2.1%, and C:N ratio of 8.7.

Table 1. Main features of soil used during the experiment.

Parameters Average Value

Sand (%) 34.7
Silt (%) 55.3
Clay (%) 10.0
pH 7.7
Organic carbon (%) 1.2
Organic matter (%) 2.1
Total CaCO3 (%) 26.4
Active CaCO3 (%) 2.7
Total nitrogen (g kg−1) 1.4
C/N ratio 8.7
Available phosphorus (mg P2O5 kg−1) 81.1
Available Potassium (mg K2O kg−1) 2.6
Bulk density (Mg m−3) 1.2
Volumetric field capacity % (10 kPa) 32.0
Volumetric wilting point % (1500 kPa) 8.0

Three crops were cultivated during the experimental period: maize (Zea mays L.) (Pioneer
“Costanza” FAO 600), wheat (Triticum aestivum L.) (cv. Blasco), and sunflower (Helianthus annus L.)
(PR64H41 variety). The agronomic operations performed in each crop cycle are reported in Table 2.
Maize was sown on 16 May 2006 at 7.5 plants m−2 sowing density and was harvested at complete
grain maturation stage on 3 October 2006. After maize harvesting, soil in each growth box was tilled
manually using spade. Crop residues (stalks) were incorporated directly into the soil in the 0 to 20 cm
layer. After an adequate soil preparation, wheat was sown at a rate of 250 kg seeds ha−1 on 3 November
2006 and was harvested on 18 June 2007. In autumn 2007, the soil was tilled manually using spade and
wheat residues (straw), were incorporated in the 0–20 cm layer. Sunflower was sown on 28 April 2008
at 9 plants m−2 and harvested on 2 October 2008. The crop residues buried in the soil at the end of
maize and wheat growing seasons were 90% of produced residues. The 10% of maize stalks and wheat
straw was instead used for analysis.

To partially or completely substitute the crop N mineral requirements, four different types of
compost were used as organic fertilizer: (i) compost derived from green cuttings and depuration
sludge (G+S), (ii) from green cuttings, organic fraction of municipal wastes, and other organic materials
(G+F+O), (iii) from green cuttings (G), and (iv) from green cuttings and organic fraction of municipal
wastes (G+F).

Eight different fertilization treatments, replicated six times, were compared in each crop cycle,
adopting a completely randomized blocks experimental design. The fertilization scheme included:
(i) 50% of N supplied through G compost and 50% through mineral fertilization (G50), (ii) 50% of N
supplied through G + F + O compost and 50% through mineral fertilization (GFO50), (iii) 50% of N
supplied through G + S compost and 50% through mineral fertilization (GS50), (iv) 50% of N supplied
through G + F compost and 50% through mineral fertilization (GF50), (v) 100% of N supplied through
G + F + O fertilization (GFO100), (vi) 100% of N supplied through G compost (G100), vii) 100% of N
supplied through mineral fertilization (Min100), and (viii) unfertilized treatment for comparison (C).
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Table 2. Main agronomic operations carried out during the three-year crop succession.

Month 2006 2007 2008

January - Mineral fertilization (27th) -
Febuary - - -

March - -
Soil till (20th)
Organic and mineral fertilization
(31st)

April Soil till (3rd) -
Sunflower sowing, herbicide
distribution (Global 0.4 L ha−1,
Erbifos 1 L ha−1) (28th)

May
Organic and mineral fertilization
(15th)
Maize sowing (16th)

- Fungicide distribution
(King 250 mL hl−1) (29th)

June
Irrigation (40 mm) (16th)
Mineral fertilization (29th) Wheat harvesting (18th)

Mineral fertilization (5th)
Fungicide distribution
(King 250 mL hl−1) (9th)

July

Herbicide distribution
(Silver, 1 kg ha−1) (4th)
Irrigation (40 mm) (21st)
Irrigation (40 mm) (28th)

- -

August - - -
September - - Sunflower harvesting (2nd)

October
Maize harvesting (3rd)
Soil till (10th) - -

November
Organic and mineral fertilization (2nd)
Wheat sowing (3rd) - -

December - - -

The dry matter and N concentration of each type of compost were determined before starting the
experiment (Table 3) to calculate the amount of compost to distribute in each fertilization treatment
(Table 4).

Crop P and K requirements were satisfied by adding mineral fertilizers to the content of composts
to avoid these elements that may be limiting and to evaluate the effect of compost only in terms of N
fertilization. The amount of P and K supplied was chosen according to the standard recommendation
for crops typical of the Po Valley area. In particular, maize received 250 kg N ha−1, 100 kg P ha−1,
and 100 kg K ha−1 and wheat received 150 kg N ha−1, 100 kg P ha−1, and 100 kg K ha−1, which is
the typical fertilization of the experimental area. Sunflower received 250 kg N ha−1, 100 kg P ha−1,
and 100 kg K ha−1. The sunflower N fertilization quantity was established to maximize yield by
taking into account the maximum N uptake available in literature [22,23]. Mineral N was supplied
as ammonium nitrate, P as triple superphosphate, and K as potassium sulphate. Maize was the only
irrigated crop, with 120 mm of water supplied through artificial irrigation, divided equally on three
different dates in June and July to replenish crop evapotranspiration.

Table 3. Main chemical-physical characteristics of the compost types used in the trial.

Compost TN (g kg−1) Dry Matter % Salinity (dS m−1) * Organic Carbon (g kg−1) * C/N

GS 17 ± 3 70.9 ± 2.9 1.76 265 15.5
GFO 27 ± 2 65.8 ± 1.6 2.47 250 11.0

G 19 ± 2 60.2 ± 2.9 1.08 275 18.0
GF 20 ± 1 75.6 ± 12.2 3.69 250 11.0

TN and Organic Carbon values are expressed on a dry matter basis. * Value determination in an average sample of
compost used in the three experimental years. GS: Compost derived from green cutting and depuration sludge. GFO:
Compost derived from green cutting, organic fraction of municipal wastes, and other organic materials. G: Compost
derived from green cutting. GF: Compost derived from green cutting and organic fraction of municipal wastes.
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Table 4. Fertilization schemes adopted for all studied crops.

Treatment Crop Fresh Compost (Mg ha−1) Compost N (kg ha−1) Mineral N (kg ha−1)

G50 Z. mays 11.5 125 125
GFO50 Z. mays 7.2 125 125
GS50 Z. mays 9.4 125 125
GF50 Z. mays 7.0 125 125

GFO100 Z. mays 14.4 250 -
G100 Z. mays 18.7 250 -

Min100 Z. mays - - 250
C Z. mays - - -

G50 T. aestivum 5.0 75 75
GFO50 T. aestivum 4.4 75 75
GS50 T. aestivum 6.4 75 75
GF50 T. aestivum 5.1 75 75

GFO100 T. aestivum 8.8 150 -
G100 T. aestivum 12.8 150 -

Min100 T. aestivum - - 150
C T. aestivum - - -

G50 H. annus 11.5 125 125
GFO50 H. annus 6.5 125 125
GS50 H. annus 12.9 125 125
GF50 H. annus 9.6 125 125

GFO100 H. annus 13.0 250 -
G100 H. annus 25.8 250 -

Min100 H. annus - - 250
C H. annus - - -

G50: 50% of N from G compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O
compost and 50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50: 50% of N from
G + F compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization. G100: 100% of N from G
compost. Min100: 100% of N from MF. C: Un-fertilized treatment.

2.2. Meteorological Data

The experiment has been carried out under humid subtropical climate (Cfa) conditions, according
to the Köppen climate classification [24]. The following data were collected from 1 January 2006 to
31 December 2008 at the ARPAV weather station located near the experimental site: rain (mm), average
air temperature (◦C), and global radiation (MJ m−2).

During the whole experimental period, global radiation showed the classic seasonal bell-shaped
trend with a progressive increase from the beginning of the year until July when the highest values
were recorded, and then a sloping decrease until December (Figure 1a). The average global radiation
values measured in 2006 and 2008 of 11.4 MJ m−2 and 12.3 MJ m−2, respectively, were lower than the
1995 to 2005 decade average (13.9 MJ m−2), which was in line with the average value obtained in the
second experimental year (13.1 MJ m−2).

Average air temperature followed the same monthly trend as global radiation, with a maximum
value in July and minimum in January (Figure 1b). In general, for all experimental years, average
monthly air temperature values were in line with the corresponding monthly values calculated for the
long-term period (1995–2005).

During the entire experimental period, total rainfall was 2279.2 mm, with a different distribution
and amount over the three experimental years (Figure 1c). During the first and second years,
the annual rainfall of 699.2 mm and 640.0 mm was lower than the long-term average (860.2 mm),
whereas values recorded in the third year (940.0 mm) exceeded the long-term average. Focusing
attention on the different cropping seasons, maize (16 May–3 October 2006) received 410.8 mm
of rainfall, wheat (3 November 2006–18 June 2007) received 441.6 mm of rainfall, and sunflowers
(28 April 2008–2 October 2008) received 358.4 mm of rainfall.
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Figure 1. Average global radiation (MJ m−2) (a), air temperature (◦C), (b) and cumulated monthly
rainfall (mm) (c) recorded during the experimental period of plants harvesting and measurements.

At the end of each crop cycle, the above-ground biomass produced by each crop was determined
by cutting all plants in the growth boxes at about 10 cm above the soil level. The collected above-ground
biomass was weighed onsite to determine the total fresh biomass production. It was then manually
separated into marketable fresh biomass (grain) and crop residues. The dry biomass production was
assessed by drying a biomass sample from each growth box and each biomass fraction in a forced-air
oven at 65 ◦C until constant weight was reached. Dry biomass was milled to 2 mm and an average
sample for each studied treatment was analyzed to determine N concentration through the Kjeldhal
method. The total N uptake in the above-ground biomass was determined as the product of dry
biomass production and nutrient concentration. This allowed the following indexes to be calculated:

• Apparent N Balance (ANB) using the equation:

ANB = N input − N uptake (1)

• N Use Efficiency (NUE) was evaluated with the approach suggested by Fageria et al. [25] calculating:
Agronomic efficiency (AE), Physiological efficiency (PE), Agrophysiological efficiency (APE),
Apparent recovery efficiency (ARE), and Utilization efficiency (UE) using the following equations:

AE (mg grain yield mg−1 N applied) = (Yf − Yc)/Na (2)

PE (mg total biomass mg−1 N uptake) = (BYf − BYc)/(Nf − Nc) (3)

APE (mg grain yield mg−1 N uptake) = (Yf − Yc)/(Nf − Nc) (4)

ARE (%) = [(Nf − Nc)/Na] × 100 (5)

UE (mg mg−1) = PE × ARE (6)

where Yf is the grain yield harvested in the fertilized treatments (mg), Yc is the grain yield of the
unfertilized control treatment (mg), and Na is the quantity of N applied (mg), BYf is the biological
yield (total biomass) of the fertilized treatments (mg), BYc is the biological yield of the unfertilized
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control treatment (mg), Nf is the N uptake (total biomass) of the fertilized treatments (mg), and Nc

is the N uptake (total biomass) of the unfertilized control treatment (mg). The indexes were
calculated for the different treatments and applied for single crops during the entire succession.

2.3. Soil and Percolation Water Analysis

To monitor the evolution of organic carbon (OC) and nitrate N (NO3-N) over time, soil samples
were taken before the beginning (March 2006) and after the end (November 2008) of the experiment.
Soil sampling was performed in each growth box, at 0–20 cm and 20–50 cm depths. After collection,
samples were air-dried for about a week and then manually sieved at 2 mm. The soil OC and NO3-N
were determined through the Walkley-Black method and spectrophotometric analysis [26], respectively.

To assess the NO3-N concentration in percolation water among the studied treatments as a potential
residual environmental effect of the different fertilization management, 96 samples were collected
six times during the sunflower growing season (from April 2008 to October 2008). The NO3-N
concentration was determined following the Cataldo method [26].

2.4. Statistical Analysis

The normality of data was checked with the Kolmogorov-Smirnov test. As the aboveground
biomass production, soil OC and NO3-N data showed a normal distribution. They were analyzed
statistically with one-way analysis of variance (ANOVA) and the differences between average values
were found by the Tukey’s honestly significant difference (HSD) test, p < 0.05. Biomass production
was evaluated for each species comparing fertilization treatments whereas soil OC and NO3-N data
were evaluated in time for each fertilization treatment using experimental years as treatment. On the
contrary, the percolation water NO3-N concentration data did not follow a normal distribution, so they
were processed by the non-parametric Kruskal-Wallis statistical test, p < 0.05.

3. Results

3.1. Biomass Production

The maize stalk biomass and grain productions ranged from 20.1 ± 1.6 Mg ha−1 to
25.5 ± 1.6 Mg ha−1 and from 5.2 ± 1.0 Mg ha−1 to 7.4 ± 0.7 Mg ha−1, respectively. The significantly
highest (ANOVA, p < 0.05) total biomass (stalk + grain) productions were in the mineral fertilization
and 50% compost+50% mineral fertilization treatments. In addition, the significantly lowest
(ANOVA, p < 0.05) biomass productions were harvested under compost fertilization (GFO100 and
G100 treatments) and unfertilized treatment (Figure 2).

Both wheat total and straw biomasses showed the same statistical trend among fertilization
treatments (Figure 3). The significantly highest values were recorded in the treatments where mineral
fertilizers were used at either 50% or 100%, without any significant differences among them, whereas the
significantly lowest ones (ANOVA, p < 0.05) were obtained in the unfertilized treatment (Figure 3)
and grain yield did not give significant differences among treatments with an average value of
5.1 ± 0.7 Mg ha−1 (Figure 3).

Despite sunflower total biomass (on average 7.0 ± 0.8 Mg ha−1), stalk (on average 4.7 ± 0.6 Mg
ha−1) and grain (on average 2.3 ± 0.3 Mg ha−1) yields showed big differences among treatments.
The ANOVA statistical test did not indicate any significant differences among them, which is probably
attributed to the high variability within each treatment.

At the end of the three-year crop succession, the cumulated biomass production of all the
treatments with 50% N from compost and 50% from mineral fertilizer (on average 58.3 Mg ha−1) did
not differ with respect to that obtained with 100% mineral N (58.7 Mg ha−1). The application of N by
compost alone gave lower results (on average 50.7 Mg ha−1), which is similar to those obtained in the
unfertilized control (Figure 4).
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Figure 2. Maize dry biomass production: total biomass, stalk biomass, and grain yield. Histograms
indicate average values while bars indicate standard deviation. Different letters indicate significant
differences according to Tukey’s HSD test at p< 0.05 between treatments of the same biomass component.
G50: 50% of N from G compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from
G + F + O compost and 50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from
MF. GF50: 50% of N from G + F compost and 50% of N from MF. GFO100: 100% of N from G + F + O
fertilization. G100: 100% of N from G compost. Min100: 100% of N from MF. C: Un-fertilized treatment.

 
Figure 3. Wheat dry biomass production: grain, straw, and total biomass. Histograms indicate average
values while bars indicate standard deviation. Different letters indicate significant differences, according
to Tukey’s HSD test at p < 0.05 between treatments of the same biomass component. G50: 50% of N
from G compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O
compost and 50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50:
50% of N from G + F compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization.
G100: 100% of N from G compost. Min100: 100% of N from MF. C: Un-fertilized treatment.

 

Figure 4. Cumulated biomass production (Mg ha−1) over the entire crop succession. Different letters
indicate significant differences, according to Tukey’s HSD test at p < 0.05. G50: 50% of N from G
compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O compost and
50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50: 50% of N from
G + F compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization. G100: 100% of
N from G compost. Min100: 100% of N from MF. C: Un-fertilized treatment.
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3.2. N Percentage Concentration, Uptake, Apparent Nitrogen Balance, and Nitrogen Use Efficiency

The N concentration of both grain and residues of all crops showed the same trend among the
studied treatments. The highest values were recorded in the 50% compost +50% mineral fertilization
and 100% mineral fertilization treatments, whereas the lowest ones were recorded in the 100% compost
fertilization and unfertilized treatments (Table 5). As for the N concentration, N uptake varied greatly
between the compared treatments. All crops showed the highest N uptake under the 50% compost+50%
mineral fertilization, which was comparable to that obtained with 100% mineral fertilization. Instead,
the N uptake obtained under 100% compost N fertilization was lower than those recorded in the
presence of mineral fertilizer and strictly comparable to the unfertilized treatment (Table 5).

The significantly highest (ANOVA, p < 0.05) three years cumulative N uptake was obtained
under 100% mineral fertilization treatment (598.3 kg ha−1) followed by 50% compost +50% mineral
fertilization (on average 536.3 kg ha−1). Instead, the significantly lowest (ANOVA, p < 0.05) cumulative
N uptakes were recorded for organic fertilization and unfertilized treatments without any significant
difference among them (on average 337.4 kg ha−1) (Figure 5). The cumulative N supplied during
the three-year study was higher than crop uptake for all treatments, leaving in the soil 52 kg N ha−1,
114 kg N ha−1 and 294 kg N ha−1 in 100% mineral, 50% compost +50% mineral, and 100% compost
fertilization treatments, respectively.

Table 5. Nitrogen (N) concentration (%) in the grain and residues of the studied crops.

Crop Treatment
N Concentration (%) N Uptake (kg ha−1)

Grain Residues Grain Residues

Z. mays

G50 1.5 0.8 90.9 ± 21.1 176.6 ± 25.5
GFO50 1.5 0.5 96.9 ± 20.6 133.0 ± 9.4
GS50 1.5 0.5 98.8 ± 25.2 128.8 ± 12.3
GF50 1.4 0.6 96.0 ± 21.4 155.9 ± 12.2

GFO100 1.0 0.3 53.7 ± 10.7 64.9 ± 8.3
G100 1.1 0.4 61.3 ± 2.6 84.1 ± 8.6

Min100 1.7 0.8 126.6 ± 11.6 193.6 ± 12.5
C 1.1 0.3 59.3 ± 12.1 65.0 ± 5.3

Average 1.4 0.5 85.5 ± 28.6 125.2 ± 48.5

T. aestivum

G50 1.9 0.6 95.5 ± 17.0 88.4 ± 7.8
GFO50 2.0 0.5 106.2 ± 14.7 74.2 ± 10.5
GS50 2.0 0.6 101.7 ± 16.4 88.2 ± 13.4
GF50 2.0 0.6 106.3 ± 14.7 88.3 ± 12.4

GFO100 1.7 0.4 85.1 ± 10.5 51.3 ± 4.5
G100 1.6 0.3 82.6 ± 9.4 40.2 ± 5.8

Min100 2.1 0.7 98.4 ± 23.9 105.5 ± 7.5
C 1.7 0.4 85.6 ± 6.7 54.4 ± 5.1

Average 1.9 0.5 95.2 ± 9.6 73.8 ± 22.8

H. annus

G50 2.1 1.2 48.3 ± 12.2 54.9 ± 11.9
GFO50 1.7 1.1 41.6 ± 9.1 56.5 ± 9.9
GS50 2.0 1.1 46.5 ± 9.6 55.4 ± 11.1
GF50 2.0 1.1 50.1 ± 11.3 62.6 ± 10.8

GFO100 1.1 1.0 27.9 ± 6.8 53.5 ± 11.6
G100 1.5 1.3 29.7 ± 7.2 51.1 ± 9.4

Min100 2.5 1.5 47.9 ± 14.1 62.8 ± 9.6
C 0.9 0.8 16.8 ± 5.0 30.9 ± 10.6

Average 1.7 1.1 38.6 ± 12.3 53.5 ± 10.0

G50: 50% of N from G compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O
compost and 50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50: 50% of N from
G + F compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization. G100: 100% of N from G
compost. Min100: 100% of N from MF. C: Un-fertilized treatment.

147



Agronomy 2019, 9, 193

 
Figure 5. Cumulated nitrogen uptake (kg ha−1) over the entire crop succession. Different letters indicate
significant differences according to Tukey’s HSD test at p < 0.05. G50: 50% of N from G compost and
50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O compost and 50% of N
from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50: 50% of N from G + F
compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization. G100: 100% of N
from G compost. Min100: 100% of N from MF. C: Un-fertilized treatment.

Table 6 reports the calculation of the most common indexes to define the apparent N balance and N use
efficiency. Particularly, in the maize cropping season, the ANB ranged from−128.0 kg ha−1 to 108.3 kg ha−1,
with negative values obtained for unfertilized, 100% mineral fertilization, G compost+mineral fertilization,
and G+F compost+mineral fertilization schemes. During the wheat cropping season, the N uptake
exceeded N supplied through fertilization where the fertilization scheme included mineral fertilizer
application (both 100% mineral fertilizer and 50% compost+50% mineral fertilizer), which provided
negative ANB values. On the contrary, strictly positive ANB values were obtained under 100% compost
fertilization. The ANB values of sunflower were always higher than 135.0 kg ha−1 except for the
unfertilized treatment that gave a negative value. The AE varied following a specific treatment trend
(Table 6) and, on the average of the studied treatments, maize showed the highest AE (on average
4.0 mg mg−1), which was followed by the wheat (on average 2.6 mg mg−1) and sunflower (on average
1.3 mg mg−1). The highest ARE and UE values of cereals were obtained under 100% mineral fertilization
and 50% compost+50% mineral fertilization treatments while the lowest values were obtained with
the application of 100% compost organic matter. ARE of sunflower followed the same trend as maize
and wheat, while the UE showed the highest values in the 50% organic +50% mineral fertilization
treatments, and values became negative under 100% organic or 100% mineral fertilizations.

Table 6. Apparent nitrogen balance (ANB), agronomic efficiency (AE), physiological efficiency (PE),
agro-physiological efficiency (APE), apparent recovery efficiency (ARE), and utilization efficiency (UE)
indexes were calculated for the different crops and for the entire crop succession.

Crop Treatment ANB (kg ha−1) AE (mg mg−1) PE (mg mg−1) APE (mg mg−1) ARE (%) UE (mg mg−1)

Z. mays

G50 −17.6 3.5 27.9 6.1 57.3 16.0
GFO50 20.1 5.1 56.5 12.0 42.2 23.8
GS50 22.4 5.1 48.3 12.2 41.3 20.0
GF50 −1.9 5.5 45.2 10.7 51.0 23.0

GFO100 131.4 −0.5 69.7 20.5 −2.3 −1.6
G100 104.7 1.0 42.8 12.4 8.4 3.6

Min100 −70.3 8.5 38.4 10.9 78.4 30.1
C −124.3 - - - - -

T. aestivum

G50 −48.3 6.5 57.1 13.2 49.2 28.1
GFO50 −25.6 0.3 79.5 1.0 34.0 27.1
GS50 −37.2 −0.3 65.2 −0.6 41.7 27.2
GF50 −48.6 3.6 49.9 7.3 49.4 24.7

GFO100 11.6 4.6 129.6 49.8 9.2 12.0
G100 24.2 0.4 1499.8 426.2 0.8 11.9

Min100 −58.8 0.1 40.2 0.2 56.1 22.6
C −124.6 - - - - -
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Table 6. Cont.

Crop Treatment ANB (kg ha−1) AE (mg mg−1) PE (mg mg−1) APE (mg mg−1) ARE (%) UE (mg mg−1)

H. annus

G50 146.7 1.2 17.4 5.6 22.2 3.9
GFO50 151.9 1.8 29.2 8.9 20.1 5.9
GS50 148.1 1.6 21.2 7.2 21.7 4.6
GF50 137.3 2.4 29.1 9.1 26.0 7.6

GFO100 168.6 2.5 54.8 18.7 13.5 7.4
G100 169.2 0.04 −2.2 0.3 13.2 −0.3

Min100 139.2 −0.3 −0.3 −1.1 25.2 −0.1
C −47.7 - - - - -

Crop
succession

G50 77.1 4.2 28.2 9.9 41.9 11.8
GFO50 151.8 3.5 41.8 11.6 30.4 12.7
GS50 130.2 3.5 38.0 10.4 33.8 12.8
GF50 95.7 4.4 31.8 11.4 39.1 12.4

GFO100 288.4 3.8 102.9 40.8 9.4 9.7
G100 299.6 1.3 16.8 16.9 7.7 1.3

Min100 51.7 0.3 21.5 0.6 45.9 9.9
C −300.3 - - - - -

G50: 50% of N from G compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O
compost and 50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50: 50% of N from
G + F compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization. G100: 100% of N from G
compost. Min100: 100% of N from MF. C: Un-fertilized treatment.

3.3. Soil and Percolation Water Analysis

At the beginning of the trial, soil OC was, on average, 1.07 ± 0.07% and 0.88 ± 0.10% in the 0–20 cm
and 20–50 cm soil profiles, respectively. All fertilization treatments showed a significant increase
(ANOVA, p < 0.05) of soil OC at the end of the trial with an average increase of 60.7% and 53.4% in the
0 to 20 cm and 20 to 50 cm soil profiles, respectively.

Soil NO3-N content was not significantly different between the beginning and end of the
experimental period in compost fertilized treatments at both 50% and 100%. Instead, a clear trend
was observed in 100% mineral fertilization and unfertilized control treatments with an increase and
decrease of soil NO3-N concentrations, respectively (Table 7).

The median NO3-N concentrations in percolation water ranged between 10.1 mg L−1 and
22.2 mg L−1, with significant differences among the studied treatments. Although the significantly
highest NO3-N concentration (Kruskal-Wallis, p < 0.05) was determined in the treatment of G50
(50% compost + 50% mineral fertilization), this trend was not confirmed in other similar treatments
(GFO50, GS50, and GF50), where lower values were measured (Figure 6).

Table 7. Soil nitrate nitrogen (0–50 cm soil profile) at the beginning and end of the trial (mean ± SD).

Treatment
NO3-N (mg kg−1)

ANOVA
Start End

G50 2.49 ± 0.37 2.43 ± 0.51 ns
GFO50 3.73 ± 0.78 2.54 ± 0.37 ns
GS50 3.27 ± 0.54 2.68 ± 0.29 ns
GF50 2.52 ± 0.44 2.96 ± 0.67 ns

GFO100 2.19 ± 0.52 1.75 ± 0.17 ns
G100 2.56 ± 0.57 2.29 ± 0.36 ns

Min100 2.54 ± 0.36 4.45 ± 0.91 *
C 3.24 ± 0.52 1.84 ± 0.39 *

Average 3.09 2.62 -

* Significant difference among treatment for each soil layer at p < 0.05 Tukey (HSD) test. ns = not significant. G50:
50% of N from G compost and 50% of N from mineral fertilization (MF). GFO50: 50% of N from G + F + O compost
and 50% of N from MF. GS50: 50% of N from G + S compost and 50% of N from MF. GF50: 50% of N from G + F
compost and 50% of N from MF. GFO100: 100% of N from G + F + O fertilization. G100: 100% of N from G compost.
Min100: 100% of N from MF. C: Un-fertilized treatment.
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Figure 6. Nitrate nitrogen concentration in percolation water during the sunflower growing season.
Different letters among treatments indicate significant differences according to the Kruskal-Wallis
test, p < 0.05. G50: 50% of N from G compost and 50% of N from mineral fertilization (MF). GFO50:
50% of N from G + F + O compost and 50% of N from MF. GS50: 50% of N from G + S compost and
50% of N from MF. GF50: 50% of N from G + F compost and 50% of N from MF. GFO100: 100% of
N from G + F + O fertilization. G100: 100% of N from G compost. Min100: 100% of N from MF. C:
Un-fertilized treatment.

4. Discussion

Maize and wheat grain average yields obtained in the current study were similar to those obtained
under open field conditions in the same area with conventional agricultural practices [27]. Despite all
compost types used in the experiment containing more than 1% of N (dry weight basis), according to
the typical range for agricultural compost used as fertilizer (1–3% of N) [28], the results suggested
the necessity of associating mineral fertilization with the organic one to maximize cereal yields at
least during the short-term period (first and second cropping seasons of this study). In addition,
the C/N of compost used to fertilize crops should be taken into account. Mature compost (with low
C/N ratio) gives a small increase in plant N availability, whereas immature compost (with high C/N
ratio) results in net N immobilization [29,30]. However, initial immobilization is more likely with
less mature compost and with a high C/N ratio since, in mature compost, N–immobilisation had
already taken place during the composting process [31]. In this context, cereals, particularly maize and
wheat, have high N requirements that are mainly satisfied by promptly available N sources such as
mineral fertilizers rather than the mineralized organic N typical of organic fertilizers such as compost.
The organic matter turnover requires a longer time. For this purpose, Eghball et al. [32,33] reported
average N percentage mineralization rates of 11% and 18% for composted manure following the first
year after distribution. Similarly, Preusch et al. [34] recorded average N mineralization rates of 7% to
9% when the composted poultry litter was distributed on silt loam soils, whereas average values were
1% to 5% when the same organic material was applied to sandy loam soils.

The unsatisfactory cereal yields obtained with 100% compost fertilization in this study are in agreement
with Martínez-Blanco et al. [7], who reported a crop yield reduction of 138% after a single compost
fertilization in the short-term period. On the contrary, in the third cropping season, the comparable
sunflower grain yield obtained among the treatments could be justified considering not only the
relatively low N requirements typical of the crop but also the achievement of the compost residual effect.

Wheat and maize, both of the Poaceae family, were differently affected by the fertilization treatments.
Maize was influenced in both stalk and grain yield, while wheat was influenced only in straw production.
The different behavior of the two crops could be attributed to the completely different environmental
conditions that affected the crop cycles (autumn-winter-spring seasons for wheat, spring-summer
seasons for maize) and, consequently, the different pathway through which N is made available for
crops. In particular, wheat fully exploited N supplied by the mineral fertilization treatment is done at
the end of January (100% mineral fertilization and 50% organic+50% mineral fertilization treatments)
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during the vegetative growth, which, in the study region, occurs during the cold months (from January
until mid-April), for increasing the vegetative biomass (straw). On the contrary, in the 100% compost
fertilization and unfertilized treatments, N was not immediately available for crop absorption due to
the reduced organic matter mineralization rates, which penalizes the production of straw biomass.
Wheat grain yield and protein content strictly depends on N availability at flowering. Since no mineral
fertilizations were done during this phenological phase, in all studied treatments, N was made available
for crops by the mineralization of previous crop residues or compost organic matter. Despite microbial
activity being greater in this phase than during the vegetative growth period, it probably remained
insufficient to fully satisfy crop N requirements, which justifies the absence of significant differences in
wheat grain yield among the fertilization treatments.

Maize N requirements during the phenological phase of vegetative growth (from May until the
end of June) were mainly satisfied by promptly available N supplied through mineral fertilization
(50% organic+50% mineral fertilization and 100% mineral fertilization treatments), as proven by
the greater stalks’ biomass produced by maize under 100% mineral fertilization than 100% organic
fertilization and unfertilized treatments. Instead, during the reproductive phase, at ear formation,
maize exploited both (i) residual available N supplied with mineral fertilization (part is leached through
water percolation in the previous period) and (ii) N derived from mineralization of the organic matter
(crop residues and compost). This explanation justifies the restricted differences on the crop yield
between 50% organic+50% mineral fertilization and 100% organic fertilization treatments.

Considering the agronomic indexes calculated, ANB, ARE, and UE followed a specific crop and
treatment trend. On the average of studied treatments, the relatively low ANB values of maize and
wheat (8.1 and−38.4, respectively) and the high average value calculated for sunflower (126.7) indicated
the excellent aptitude of cereals to uptake available N compounds from soil and their translocation
into the biomass with respect to sunflowers.

In the maize and wheat cropping seasons, the negative ANB values obtained under mineral
fertilization treatment indicated that N uptake through crop biomass exceeded the N applied through
fertilization. Therefore, this subtracted soil N reserves. Instead, the strictly positive values calculated
for 100% compost fertilization treatments indicated, as previously reported, that N released by compost
organic matter mineralization was not immediate and, therefore, was not enough to satisfy cereals’ N
requirements. Despite Passoni and Borin [16] reported a peak of NO3-N release in the soil through
organic matter mineralization just after compost distribution, our results suggested that part of N
supplied through compost fertilization remained in the soil in the organic form, probably due to
the slow mineralization rate of soil organic matter [33]. Similarly, the high ARE and UE values
calculated for maize and wheat fertilized with 100% mineral fertilization or 50% compost +50% mineral
fertilization suggested a great N use efficiency likely due to the relatively immediate availability of N
supplied with mineral fertilizers. Instead, the low ARE and UE values calculated under 100% organic
fertilization treatments suggested that a single application of compost at the beginning of the cropping
season was not enough to promptly satisfy the crop N requirements, which reduces the crop N use
efficiency. Sunflower exhibited a completely different behavior with respect to maize and wheat with
the comparable ANB and ARE obtained for 100% compost and 50% compost +50% mineral fertilization
schemes. The comparable results between compost and miner fertilization suggested that, after three
years of organic fertilizer application, the turnover of supplied organic matter with compost reached
a virtual equilibrium between the stable organic matter and the mineralized one. Therefore, this allows
a suitable availability of N for cultivated crops.

The significant soil organic carbon increase measured between the beginning and end of the
experiment on the average of treatments suggested the interesting amendment effect of crop residues
(straw biomass) when correctly incorporated in the soil whereas it indicated that compost has no
evident effects on soil properties in the short term when applied at low doses. Our results may appear
to disagree with the literature data that highlight the amendment potential of compost [35]. However,
it has to be taken into account that the approach of this paper considers compost as the N fertilization

151



Agronomy 2019, 9, 193

source and, as a consequence, it was applied in a quantity many times lower than in studies where
compost is studied as an amendment.

The relatively low cumulated N uptake in crop biomass obtained under 100% compost fertilization
suggested relatively high N residues in the soil after harvesting. However, this peculiar situation
could allow a probable contamination of groundwater through NO3-N leaching, especially during
an abundant rainy period. The results obtained disclaimed this hypothesis. The comparable soil NO3-N
concentration measured between 100% compost and unfertilized treatments at both the beginning
and end of this study indicated that N supplied through composted material remained in the soil
mainly in the organic form [16], which was less mobile than the nitric form. Therefore, this reduces
groundwater contamination risk. The potential contamination of groundwater depends mainly on the
organic N mineralization rate of the amendment used. The not significant different N leaching between
soil amended with compost, at the end of three experimental years, was reported by Mamo et al. [36].
Instead, Santos et al. reported the possible compost use as organic fertilizers in the partial substitution
of mineral fertilizers, without a significant nitrate leaching risk [37].

5. Conclusions

The results obtained indicated that the crop response to compost fertilization is not unique. Indeed,
organic fertilization with compost represents a valid substitute for mineral fertilization in wheat and
sunflower whereas it should be complemented by mineral fertilization to maximize maize yield.
The lower performance of maize than the other species was probably due to its position as the first
species in the crop succession when compost organic matter turnover had not reached an equilibrium
between the stable fraction and the mineralized one yet. Under 100% of compost fertilization, the crops
did not take up a large amount of N, but it did not generate an increase of NO3-N leaching in the
percolation water. Long-term studies to better evaluate the compost as a substitute for mineral N
fertilization of herbaceous crops are desirable.

Author Contributions: Conceptualization, M.B. Formal analysis, C.M. and A.B. Resources, M.B.; Writing—original
draft preparation, C.M. and A.B. Writing—review and editing, C.M., A.B. and M.B. Visualization, C.M. and A.B.
Supervision, M.B.

Funding: This research was supported by Veneto Agricoltura, Project “Valorization and environmental impact of
the use of compost in the fertilization of field crops”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khan, S.A.; Mulvaney, R.L.; Ellsworth, T.R.; Boast, C.W. The myth of nitrogen fertilization for soil carbon
sequestration. J. Environ. Qual. 2007, 36, 1821–1832. [CrossRef] [PubMed]

2. Susic, M. Replenishing humic acids in agricultural soils. Agronomy 2016, 6, 45. [CrossRef]
3. Camacho Barboza, J.; Zanin, G.; Ponchia, G.; Sambo, P. Use of anaerobic digested residues in open field

horticulture in the Veneto region, Italy. Acta Hortic. 2014, 1018, 133–138. [CrossRef]
4. Bassan, A.; Sambo, P.; Zanin, G.; Evans, M.R. Rice hull-based substrates amended with anaerobic digested

residues for tomato transplant production. Acta Hortic. 2014, 1018, 573–581. [CrossRef]
5. Zanin, G.; Gobbi, V.; Coletto, L.; Passoni, M.; Nicoletto, C.; Ponchia, G.; Sambo, P. Use of organic fertilizers in

nursery production of ornamental woody species. Acta Hortic. 2016, 1112, 379–386. [CrossRef]
6. Takakai, F.; Nakagawa, S.; Sato, K.; Kon, K.; Sato, T.; Kaneta, Y. Net greenhouse gas budget and soil carbon

storage in a field with paddy–upland rotation with different history of manure application. Agriculture 2017,
7, 49. [CrossRef]

7. Martínez-Blanco, J.; Lazcano, C.; Christensen, T.H.; Muñoz, P.; Rieradevall, J.; Møller, J.; Antón, A.; Boldrin, A.
Compost benefits for agriculture evaluated by life cycle assessment. A review. Agron. Sustain. Dev. 2013,
33, 721–732. [CrossRef]

8. Horrocks, A.; Curtin, D.; Tregurtha, C.; Meenken, E. Municipal compost as a nutrient source for organic crop
production in New Zealand. Agronomy 2016, 6, 35. [CrossRef]

152



Agronomy 2019, 9, 193

9. Fecondo, G.; Guastadisegni, G.; D’Ercole, M.; Del Bianco, M.; Buda, P.A. Utilizzo di compost di qualità su
colture arboree per il miglioramento della fertilità del terreno. Ital. J. Agron. 2008, 1, 31–36. [CrossRef]

10. Takakai, F.; Kikuchi, T.; Sato, T.; Takeda, M.; Sato, K.; Nakagawa, S.; Kon, K.; Sato, T.; Kaneta, Y. Changes
in the nitrogen budget and soil nitrogen in a field with paddy–upland rotation with different histories of
manure application. Agriculture 2017, 7, 39. [CrossRef]

11. Montemurro, F.; Maiorana, M.; Convertini, G.; Fornaro, F. Improvement of soil properties and nitrogen
utilisation of sunflower by amending municipal solid waste compost. Agron. Sustain. Dev. 2005, 25, 369–375.
[CrossRef]

12. Islam, M.A.; Islam, S.; Akter, A.; Rahman, M.H.; Nandwani, D. Effect of organic and inorganic fertilizers on
soil properties and the growth, yield and quality of tomato in Mymensingh, Bangladesh. Agriculture 2017,
7, 18. [CrossRef]

13. Fecondo, G.; Bucciarelli, S.; Di Paolo, E.; Ghianni, G. Biowaste compost effects on productive and qualitative
characteristics of some field crops and on soil fertility. Ital. J. Agron. 2015, 10, 85–89. [CrossRef]

14. Nicoletto, C.; Santagata, S.; Sambo, P. Effect of compost application on qualitative traits in cabbage. Acta Hortic.
2013, 1005, 389–395. [CrossRef]

15. Seehausen, M.L.; Gale, N.V.; Dranga, S.; Hudson, V.; Liu, N.; Michener, J.; Thurston, E.; Williams, C.;
Smith, S.M.; Thomas, S.C. Is there a positive synergistic effect of biochar and compost soil amendments on
plant growth and physiological performance? Agronomy 2017, 7, 13. [CrossRef]

16. Passoni, M.; Borin, M. Effects of different composts on soil nitrogen balance and dynamics in a biennial crop
succession. Compost Sci. Util. 2009, 17, 108–116. [CrossRef]

17. Gobbi, V.; Bonato, S.; Nicoletto, C.; Zanin, G. Spent mushroom substrate as organic fertilizer: Vegetable
organic trials. Acta Hortic. 2016, 1146, 49–56. [CrossRef]

18. Ponchia, G.; Passoni, M.; Bonato, S.; Nicoletto, C.; Sambo, P.; Zanin, G. Evaluation of compost and anaerobic
digestion residues as a component of growing media for ornamental shrub production. Acta Hortic. 2017,
1168, 71–78. [CrossRef]

19. IUSS Working Group WRB. World Reference Base for Soil Resources 2014, Update 2015 International Soil
Classification System for Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106;
FAO: Rome, Italy, 2015.

20. Ministero delle Politiche Agricole. Metodi Ufficiali di Analisi Fisica del Suolo. 1997. Available online:
https://www.gazzettaufficiale.it/eli/id/1997/09/02/097A6592/sg (accessed on 28 October 2005).

21. Ministero delle Politiche Agricole. Metodi Ufficiali di Analisi Chimica del Suolo. 1999. Available online:
https://www.gazzettaufficiale.it/eli/id/1999/10/21/099A8497/sg (accessed on 28 October 2005).

22. Loubser, H.L.; Human, J.J. The effect of nitrogen and phosphorus fertilization on the nitrogen absorption by
sunflowers. J. Agron. Crop Sci. 1993, 170, 39–48. [CrossRef]

23. Ruffo, M.L.; García, F.O.; Bollero, G.A.; Fabrizzi, K.; Ruiz, R.A. Nitrogen balance approach to sunflower
fertilization. Commun. Soil Sci. Plant Anal. 2003, 34, 2645–2657. [CrossRef]

24. Köppen, W. Das geographische System der Klimate (Handbuch der Klimatologie, Bd. 1, Teil C). 1936.
Available online: http://koeppen-geiger.vu-wien.ac.at/pdf/Koppen_1936.pdf (accessed on 27 March 2019).

25. Fageria, N.K.; De Morais, O.P.; Dos Santos, A.B. Nitrogen use efficiency in upland rice genotypes. J. Plant Nutr.
2010, 33, 1696–1711. [CrossRef]

26. Cataldo, D.A.; Maroon, M.; Schrader, L.E.; Youngs, V.L. Rapid colorimetric determination of nitrate in plant
tissue by nitration of salicylic acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71–80. [CrossRef]

27. Dal Ferro, N.; Zanin, G.; Borin, M. Crop yield and energy use in organic and conventional farming: A case
study in north-east Italy. Eur. J. Agron. 2017, 86, 37–47. [CrossRef]

28. Lakhdara, A.; Rabhia, M.; Ghnayaa, T.; Montemurro, F.; Jedidi, N.; Abdellya, C. Effectiveness of compost use
in salt-affected soils. J. Hazard. Mater. 2009, 171, 29–37. [CrossRef]

29. Teutscherova, N.; Vazquez, E.; Santana, D.; Navas, M.; Masaguer, A.; Benito, M. Influence of pruning waste
compost maturity and biochar on carbon dynamics in acid soil: Incubation study. Eur. J. Soil Biol. 2017,
78, 66–74. [CrossRef]

30. Wilson, C.; Zebarth, B.J.; Burton, D.L.; Goyer, C.; Moreau, G.; Dixon, T. Effect of Diverse Compost Products
on Potato Yield and Nutrient Availability. Am. J. Potato Res. 2019. [CrossRef]

31. Amlinger, F.; Götz, B.; Dreher, P.; Geszti, J.; Weissteiner, C. Nitrogen in biowaste and yard waste compost:
Dynamics of mobilisation and availability—A review. Eur. J. Soil Biol. 2003, 39, 107–116. [CrossRef]

153



Agronomy 2019, 9, 193

32. Eghball, B. Nitrogen mineralization from field applied beef cattle feedlot manure or compost. Commun. Soil
Sci. Plant Anal. 2000, 17, 989–998. [CrossRef]

33. Eghball, B.; Wienhold, B.J.; Gilley, J.E.; Eigenberg, R.A. Mineralization of manure nutrients. J. Soil Water Conserv.
2002, 57, 470–473.

34. Preusch, P.L.; Adler, P.R.; Sikora, L.J.; Tworkosoky, T.J. Nitrogen and phosphorus availability in composted
and uncomposted poultry litter. J. Environ. Qual. 2002, 31, 2051–2057. [CrossRef]

35. Hergreaves, J.C.; Adl, M.S.; Warman, P.R. A review of the use of composted municipal solid waste in
agriculture. Agric. Ecosyst. Environ. 2008, 123, 1–14. [CrossRef]

36. Mamo, M.; Rosen, C.J.; Halbach, T.R. Nitrogen availability and leaching from soil amended with municipal
solid waste compost. J. Environ. Qual. 1999, 28, 1074–1082. [CrossRef]

37. Santos, A.; Fangueiro, D.; Moral, R.; Bernal, M.P. Composts Produced from Pig Slurry Solids: Nutrient
Efficiency and N-Leaching Risks in Amended Soils. Front. Sustain. Food Syst. 2018, 2, 8. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

154



agronomy

Article

Maize Straw Returning Approaches Affected Straw
Decomposition and Soil Carbon and Nitrogen Storage
in Northeast China

Ping Tian, Pengxiang Sui, Hongli Lian, Zhengyu Wang, Guangxin Meng, Yue Sun, Yingyan Wang,

Yehan Su, Ziqi Ma, Hua Qi * and Ying Jiang *

College of Agronomy, Shenyang Agricultural University, Shenyang 110866, China;
tianping23@stu.syau.edu.cn (P.T.); suipengxiang@stu.syau.edu.cn (P.S.); 2019200057@stu.syau.edu.cn (H.L.);
wangzhengyu27@stu.syau.edu.cn (Z.W.); 20172202241@stu.syau.edu.cn (G.M.);
2017220244@stu.syau.edu.cn (Y.S.); wangyingyan@stu.syau.edu.cn (Y.W.); 2017220228@stu.syau.edu.cn (Y.S.);
2018240174@stu.syau.edu.cn (Z.M.)
* Correspondence: qihua10@syau.edu.cn (H.Q.); jiangying@syau.edu.cn (Y.J.); Tel.: +86-024-88487135 (Y.J.)

Received: 3 November 2019; Accepted: 25 November 2019; Published: 28 November 2019

Abstract: The characterization of straw decomposition and the resulting carbon (C) and nitrogen
(N) release is crucial for understanding the effects of different straw returning methods on the
immobilization and cycling of soil organic carbon (SOC) and soil total nitrogen (STN). In 2017–2018,
a field micro-plot experiment was carried out in northeastern China to investigate the effects of
different straw returning approaches on straw decomposition, C release, N release, SOC, STN, and
the soil C–N ratio. Six straw returning treatments were applied: straw mixed with soil (SM) and
straw buried in the soil (SB) at soil depths of 10 (O), 30 (T), and 50 cm (F). The results indicate that the
straw decomposition proportion (SD), C release, and N release in SM + O were higher than that in
SM + T and SM + F. Moreover, SOC and STN concentrations and the soil C–N ratio were significantly
enhanced by SM/B + O in the 0–20 cm soil layers, SM/B + T in the 20–30 cm soil layer, and SM/B + F
in the 40–60 cm soil layers. In the 0–50 cm soil profile, the highest SOC stocks were obtained using SB
+ T. The STN stocks were also significantly affected by the straw returning depth, but the effect was
inconsistent between the two years. SD had a positive relationship with SOC and STN in the 0–20 cm
soil layers; conversely, they were negatively related in the 30–60 cm soil layers. The results of this
study suggest that straw buried in the soil to a depth not exceeding 30 cm might be an optimal straw
returning approach in northeastern China.

Keywords: crop residue incorporation; straw decomposition; residue C and N release; SOC and
STN stocks

1. Introduction

Feeding the increasing population has required intensified conventional tillage and high nitrogen
input for food production, resulting in the extensive loss of productive soil [1]. For instance, the massive
loss of soil organic carbon (SOC) due to conventional tillage management has caused an increase in
soil erosion and the destruction of soil structure [2], which, in turn, are related to the decreases in
cropland productivity that are clearly observed in parts of developing countries [3]. The ongoing land
degradation in northeast China—a key base of commodity grain, accounting for approximately 30% of
maize of China [4]—has threatened sustainable crop production and even national food security [5].
Thus, for several years, maize producers have been encouraged to incorporate the resulting crop
residue, which is a highly accessible form of organic matter, into agricultural soils to maintain the soil
organic matter (SOM) content [6,7] and thus contribute to soil quality improvement [8] and identify
the ill effects of burning maize residues in the field [9].
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To date, maize straw incorporation by rotary or plow tillage remains the predominant approach
for residue return because the surface retention with no-till systems is associated with low decay rates
due to the low average temperature and low precipitation conditions in northeast China [10]. Different
management practices result in the varying placement of crop residue in agricultural field soils; for
example, residues can be incorporated into soil or surface mulch. Furthermore, in an agrosystem, the
complex feedback between the climate, the soil type, and management factors make it difficult to
predict the effects of crop residue placement on its decomposition rate and the ultimate fate of the
derived nutrients [11]. In particular, the soil microenvironments for biological and chemical processes
located in the soil surface differ from those in shallow or deep soils; thus, the depth also influences the
decomposition and nutrient release of incorporated crop residues [12]. Recently, studies have shown that
the decay rate and nutrient release of crop residues in the soil are site-specific because the decomposer
community [13] and nutrient sources vary between the topsoil and subsoil [11,14,15]. Additionally,
straw decomposition is accompanied by the release of straw-derived carbon and nitrogen, which, in
turn, interact with the residue decomposition process [16,17]. Therefore, in the maize production of
northeast China, it is critical to clarify the effects of different straw incorporation approaches on the
decay proportion and straw-derived C and N release levels, as well as the interactions between the
release levels and the soil content of C and N.

Straw returning methods not only affect the straw decomposition rate but also influence the cycle
and immobilization of SOC and soil total nitrogen (STN) in field ecosystems [18]. The responses of SOC
and STN dynamics to crop residue input can be influenced by many factors, such as the soil’s moisture,
temperature, and biochemical properties, which all vary depending on the straw returning method
and the depth of soil incorporation [19]. Leaving crop residue on the soil surface tends to concentrate
C on the soil surface, while incorporating straw residue into the soil by tillage is usually considered
to contribute to C losses due to increased SOM decomposition rates [20] as tillage disturbs the soil’s
structural stability, redistributes organic matter, and influences the microbial activity throughout the
soil profile [8]. However, several studies have also observed increases in SOC content in deeper
layers from the incorporation of residues in the soil [21–23]; thus, the total SOC stored in the soil by
surface retention may be the same as that resulting from incorporation approaches when the whole
soil profile is studied [24]. In addition to the inconsistent effects on SOC content, the variable effect of
straw incorporation management strategies on STN has also been emphasized [25,26]. Crop residues
incorporated into the soil at different depths influence STN through highly complex mechanisms
involving N mineralization and immobilization [27], as well as N leaching and denitrification losses in
soil [18]. In addition, the concentration of STN has been statistically correlated with SOC content in
general soil types [26], and the soil C–N ratio may reflect the interaction between SOC and STN under
tillage practices for straw incorporation. Thus, it is necessary to investigate residues incorporated
at various returning depths by sampling the entire plow depth to accurately assess the influence of
residue incorporation practices on SOC, STN, and the soil C–N ratio [28].

Given this high variability, the effects of straw incorporation practices on SOC and STN stocks, as
reported by the studies mentioned above, have been conflicting [25,26]. For instance, Xue et al. [29]
investigated a paddy cropping system in southern China, and their results indicated that the application
of residue with no-till farming enhanced the SOC and STN stocks in the 0–10 cm layer, whereas plow
tillage increased the SOC and STN stocks in the 0–50 cm profile [29]. However, Dikgwatlhe et al. [26]
observed no significant differences among straw returning treatments for SOC stocks in the 0–50 cm
soil profile, but they noted that STN stocks increased [26]. Additionally, an earlier study reported that
SOC and STN stocks in the 0–50 cm soil profile did not significantly differ between soils subjected to
straw returning by rotary tillage and that by moldboard plow tillage [25]. The different findings for
SOC and STN stocks among the previous studies are likely the result of variations in factors such as
climate, soil type, and tillage intensity. To date, although the benefits of crop residue retention have
been well documented in the previous literature, few studies have assessed the influence of straw
returning practices on SOC and STN stocks. It is critical to obtain comprehensive knowledge of the

156



Agronomy 2019, 9, 818

effects of different returning methods and depths on SOC and STN dynamics and their correlation with
the straw decay proportion in different soil layers. Therefore, the objectives of the present study were
to (1) determine the effects of different straw returning methods and depths on the decomposition
and C and N release proportions of maize straw residue, (2) evaluate the effects of straw returning
approaches on SOC and STN stocks in the 0–50 cm soil profile, (3) investigate the response of SOC and
STN concentrations in different soil layers on straw incorporation and their interactions with the straw
decomposition ratio during the decay process, and (4) identify a suitable straw returning approach for
the sustainability of maize production in northeastern China.

2. Materials and Methods

2.1. Site Description

The field experiment was conducted in 2017 and 2018 at the Experimental Station of Shenyang,
Agricultural University, Shenyang, Liaoning province, China (41◦82′ N, 123◦56′ E; 43 m above sea
level). This area is located in a flat region that is characterized by a sub-humid warm-temperate
continental climate. The average annual temperature was 9.17 ◦C, with a frost-free period of
155–180 days. According to measurements taken before this study, the concentration of SOC, STN,
available phosphorus, available potassium, and soil bulk density in the soil layer (0–20 cm) were
10.81g kg−1, 0.92 g kg−1, 51.17 mg kg−1, 128.49 mg kg−1, and 1.43 g cm−3, respectively. The main crop
in this region is spring maize (Zea mays L.), and the crop-planting pattern is one harvest per year.
All the water required for crop growth was provided by natural precipitation in this study. During
the experimental period, precipitation and temperature were measured using an automatic weather
station (5TM, Decagon, Washington, USA) around the experimental site (Figure 1). The mean daily
air temperature during the experiment was 9.26 and 9.09 ◦C; the highest temperatures were 26.36
and 27.21 ◦C, and the lowest temperatures were −8.77 and −12.20 ◦C in July and January 2017 and
2018, respectively. The total precipitation levels in 2017 and 2018 were 456.4 and 505.2 mm, 58.81%
and 73.12% of which occurred from June to August, while 9.03% and 11.05% of the total precipitation
occurred in May, which is a critical period for straw decomposition. The annual precipitation was
lower than the mean annual precipitation of 714 mm [30], indicating that the experimental periods
were seasons characterized by poor rainfall.

Figure 1. Mean daily precipitation and temperature during (a) October 2016–October 2017 and
(b) October 2017–October 2018 at the experimental site.

2.2. Experimental Design

This study employed a two-factor (straw returning method, M; straw returning depth, D) design
in randomized complete blocks with three replicates. Micro-plots [31] were used for six straw returning
treatments: straw mixed (SM) with soil at a depth of 10, 30, and 50 cm (O, T, and F) and straw buried
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(SB) in soil at a depth of 10, 30, and 50 cm (O, T, and F). The SM and SB treatments as straw returning
methods (M) were intended to simulate straw returning by rotary tillage and plow tillage in the field,
respectively. All micro-plots were made by using stainless-steel plates (length, width, and height of
1.5 × 1.2 × 0.7 m) without bottoms; undisturbed soil was employed in all the micro-plots. Before being
returned into the soil, the maize straw was chopped into 3–5 cm pieces. The maize straw was then
manually incorporated into the soil in the plots on 24 October 2016 and 24 October 2017. The C and N
contents of the straw for incorporation were 9.51 g N kg−1 and 415.75 g C kg−1(C–N = 44:1) in 2017
and 9.70 g N kg−1 and 443.01 g C kg−1(C/N, 46:1) in 2018.

The C and N release dynamics of maize straw from different treatments were investigated by
using the litterbag decomposition technique described by Varela et al. [32] and Xu et al. [18] with a
few modifications. Briefly, air-dried straw (53 g per treatment in nylon bags, which is equivalent to
the amount of straw returned to the field) was chopped and placed into nylon mesh bags (20 × 30 cm,
0.1 mm mesh). For the SM + O treatment, one nylon bag of straw was placed into the soil at a depth
of 0–10 cm and a slope of 30◦. For the SM + T and SM + F treatments, three and five nylon bags,
respectively, with the same amount of straw (a total of 53 g of straw was equally separated into three
or into five nylon bags) were set up with the same method per 10 cm of the soil profile. For the SB + O,
SB + T, and SB + F treatments, one nylon bag loaded with 53 g of maize straw was placed in the 10,
30, and 50 cm soil layer, respectively, with no slope. All the litterbags had three replications. After
crop harvest, the straw was collected from the litterbag and then shaken gently over a 1 mm sieve and
spray-rinsed to remove the adhering soil. The straw samples were oven-dried in envelopes at 60 ◦C
until the weight was constant. The samples were then weighed and ground to pass through a 0.15 mm
sieve for further chemical analysis.

Basal fertilizer with 75 kg ha−1 N, 90 kg ha−1 P, and 90 kg ha−1 K was used when maize was
sowed, and 150 kg ha−1 N was applied as topdressing around the middle of June. The variety of maize
used was Zhengdan 958 (Jinboshi, Zhengzhou, China), and it was sowed at a rate of 67,500 plants ha−1

at the end of April and harvested at the end of September. The management practices for controlling
pests, disease, and weeds were according to local practices for high-yield production.

2.3. Sampling and Analysis Methods

The weight loss of the straw in the nylon bag was assumed to be the amount of straw that
decomposed during the experimental period and was calculated using Equation (1). The amount of N
or C lost from the straw was calculated as the difference between the initial N or C contained in the
input straw and the N or C recovered from the treated straw; it was determined using Equation (2).

SD =
W0 −Wt

W0
× 100% (1)

NR =
W0 ×C0 −Wt ×Ct

W0 ×C0
× 100% (2)

where SD is the straw decomposition proportion (%); NR is the nutrient release proportion (%); W0

and Wt are the initial and remaining straw weights (g), respectively; and C0 and Ct are the nutrient
concentrations (g kg−1) in the initial and remaining straw, respectively.

Soil sampling and analysis were performed immediately after harvest in 2017 and 2018. In each
plot, six soil samples were collected using a coring tube (5 cm in diameter) from depths between 0
and 60 cm at 10 cm intervals. The soil samples that were collected from two points in each plot with
replication were mixed to produce a composite sample. The samples were air-dried with plant stubbles
and pebbles discarded and then ground through a 0.15 mm sieve for SOC and STN determination.

SOC and STN concentrations (g kg−1) were determined using the K2Cr2O7-H2SO4 digestion
method [26] and the Kjeldahl method [33], respectively. The soil C–N ratio was calculated according
to the values from the SOC and STN measurements. SOC and STN stocks were calculated by the
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equivalent soil mass (ESM) method to eliminate the uncertainties associated with the fixed-depth
method and Equation (3) according to the description by Ellert et al. and Xue et al. [29,34].

Melement =
∑n

i=1
[Msoil, i × conci + (Mo,i −Msoil,i ) × conci+1] × 0.001 (3)

where i is the soil layer (i = 1, 2, 3, 4, and 5 represent the 0–10, 10–20, 20–30, 30–40, and 40–50 cm
soil layers, respectively); Melement is the SOC or STN stocks (Mg ha−1); Msoil,i is soil mass per unit
area in the ith layer (Mg ha−1), which is calculated by Equation (4); Mo,i is the equivalent soil mass of
each layer; and conci and conci+1 are the concentrations of SOC or STN in the ith and i+1th layers,
respectively (g kg−1).

Msoil, i = ρb, I × Ti × 10000 (4)

where Msoil,i is soil mass per unit area in the ith layer (Mg ha−1), ρb,i is soil bulk density in the ith layer
(g cm−3), and Ti is the thickness of the ith layer (m).

2.4. Statistical Analysis

The effects of the different treatments on all the data were analyzed by ANOVA using the SPSS 23.0
(SPSS Inc., Chicago, Illinois, USA) software, and effects of years were analysed separately. The SPSS
procedure was used to analyze the variance and determine the statistical significance of the treatment.
Duncan’s multiple range test was used to compare the treatment means at a 95% confidence level.

3. Results

3.1. Straw Decomposition Proportion

The ANOVA results demonstrate that the straw returning depth had a consistently significant
effect on the maize straw decomposition proportion in both study years, but the straw returning
method and its interaction effects with the returning depth only exhibited a significant difference in
2017, with no significant differences observed in 2018 (Figure 2). Under the SM treatments, the straw
decomposition proportion decreased with the increasing depth of maize residue incorporation (O,
T, and F treatments), and the tendency was similar in 2017 and 2018. Compared with the SM + T
and SM + F treatments, the breakdown of maize residue in the SM + O treatment was 5.81% and
9.14% higher in 2017, and 22.09% and 56.28% higher in 2018. In 2017, a slight variation in the residue
decomposition proportion was found between the SB + O, SB + T, and SB + F treatments, whereas a
significant reduction was observed between the same treatments in 2018, with a significant difference
between the SB + T and SB + F treatments in 2018, but not 2017 (P < 0.05). Overall, the shallow
residue incorporation (O treatment) had the highest decomposition proportion under the SM and SB
management approaches in both seasons. Moreover, the maize straw decomposition proportion in
2017 was generally higher, ranging from 63.25% to 69.09% between the treatments, while the results in
2018 ranged from 39.82% to 62.23%.
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Figure 2. The effect of different straw returning management approaches on the straw decomposition
proportion in (a) 2017 and (b) 2018. ANOVA results: straw returning depth (D) ***, straw returning
method (M) *, D ×M ** in 2017; D ***, M ns, D ×M ns in 2018 (* P < 0.05; ** P < 0.01; *** P < 0.001; ns,
not significant). SM and SB indicate straw mixed with soil and buried in soil, respectively, and O, T, and
F indicate straw incorporated into the soil (mixed or buried) at depths of 10, 30, and 50 cm, respectively.
The bars with different letters indicate statistically significant differences between treatments at P < 0.05.

3.2. Straw-Derived C and N Release

In both study years, the straw-derived C release proportion during the decay process was
significantly influenced by the straw incorporation depth but not by the returning method. Their
interaction effects differed significantly in 2017, but no difference between them was observed in 2018
(Figure 3). Generally, the proportion of C released by straw decay had a similar tendency to the straw
decomposition indicator between treatments and between years. Additionally, in 2017, the C release
proportion under the SM + O treatment was higher than that under the SM + T and SM + F treatments,
but it only slightly fluctuated and lacked statistical significance under the SB treatments. In 2018, under
SM and SB returning practices, the C release proportion significantly decreased (by 45.08–66.07% and
46.32–62.88%, respectively) as the depth of straw incorporation increased.

Figure 3. The effect of different straw returning management approaches on the straw carbon release
proportion in (a) 2017 and (b) 2018. ANOVA results: straw returning depth (D) ***, straw returning
method (M) ns, D × M ** in 2017; D ***, M ns, D × M ns in 2018 (** P < 0.01; *** P < 0.001; ns, not
significant). SM and SB indicate that the straw was mixed with soil and buried in soil, respectively, and
O, T, and F indicate that straw was incorporated into the soil (mixed or buried) at depths of 10, 30, and
50 cm, respectively. The bars with different letters indicate statistically significant differences between
treatments in each year at P < 0.05.
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In 2017, the proportion of straw-derived N release exhibited a decreasing tendency with
incorporation depth under the SM treatments; the SM + F treatment was found to cause a significantly
lower N release proportion than the SM + O treatment, but there was no difference between the
returning depth treatments under SB management approaches. In 2018, the N release proportion under
SM + O was 0.66-fold and 2.30-fold higher than the results under the SM + T and SM + F treatments,
respectively. Under the SB treatment, the N release proportion under SB + O was significantly higher
than that under the SB + T treatment, and there was no difference between SB + T and SB + F. Thus,
according to the ANOVA results, the straw returning depth resulted in significant differences in the
N release proportion in 2018 and no difference in 2017. The returning methods had no significant
influence on straw-derived N release, but the interactive effects between the straw incorporation depth
and the methods consistently showed significant differences in both experimental periods (Figure 4).

Figure 4. The effects of different straw returning management approaches on the straw nitrogen release
proportion in (a) 2017 and (b) 2018. ANOVA results: straw returning depth (D) ns, straw returning
method (M) ns, D ×M ** in 2017; D ***, M ns, D ×M * in 2018 (* P < 0.05; ** P < 0.01; *** P < 0.001; ns,
not significant). SM and SB indicate that the straw was mixed with soil and buried in soil, respectively,
and O, T, and F indicate that the straw was incorporated into the soil (mixed or buried) at depths of 10,
30, and 50 cm, respectively. The bars with different letters indicate statistically significant differences
between the treatments in each study year at P < 0.05.

3.3. Soil Organic Carbon (SOC) and Soil Total Nitrogen (STN) Concentration

Regardless of whether the maize residue was mixed or buried in the soil, the SOC concentration
throughout the soil profile (0–60 cm) was significantly affected by the straw returning approaches
over the experimental period, but there was no difference between SMmean and SBmean in either study
year (Figure 5). Generally, the changes in SOC concentration in the 0–60 cm soil profile in the SM and
SB treatments followed a similar trend. In both study years, in the soil samples taken from a depth
greater than 30 cm (the SM/B + O and SM/B + T treatments), the SOC concentration sharply decreased
(Figure 5a,b,d,e), which caused a corresponding marked reduction in the SMmean and SBmean of the
SOC content (Figure 5c,f); however, the same trend did not occur under the SM/B + F treatment. In the
0–20 cm soil layer, the SOC content under the SM/B + O treatment was significantly higher than that
under the SM/B + T and SM/B + F treatments in both 2017 and 2018 (P < 0.05, Figure 5a,b,d,e). In both
study years, the SOC content in the 20–30 cm soil layer was highest under the SM/B + T treatment,
followed by that under the SM/B + O and SM/B + F treatments. In contrast, at depths below 30 cm, the
SOC content was clearly higher under the SM/B + F treatment compared with that under the SM/B + O
and SM/B + T treatments.
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Figure 5. Soil organic carbon (SOC) content in the 0–60 cm soil profile under different straw returning
strategies in (a–c) 2017 and (d–f) 2018. SM and SB indicate straw mixed with soil and buried in soil;
O, T, and F indicate straw incorporated (mixed or buried) into the soil at depths of 10, 30, and 50 cm,
respectively. SMmean is the mean of SM + O, SM + T, and SM +F; SBmean is the mean of SB + O, SB
+ T, and SB + F; * indicates significant differences (P < 0.05) between the straw incorporation depth
treatments for the same soil layer.

The trends and significant differences in the STN concentration were generally similar to those
of the SOC content between different straw returning treatments and soil layers in the 0–60 cm soil
profile. In both years of the experiment, the average STN values for SM and SB were very close to each
other and linearly decreased as the depth of the soil layers increased (Figure 6). In the 0–20 cm soil
layer, the STN content under the SM/B + O treatment was significantly higher than that under the
SM/B + T and SM/B + F treatments (Figure 6a,b,d,e). Under the SM/B + F treatment, in both years,
the STN content tended to slightly fluctuate while gradually declining with increasing depth in the
0–60 cm soil profile; this pattern was similar to the changes in SOC content.

 

Figure 6. Soil total nitrogen (STN) content in the 0–60 cm soil profile under different straw returning
strategies in (a–c) 2017 and (d–f) 2018. SM and SB indicate straw mixed with soil and buried in soil;
O, T, and F indicate straw incorporated (mixed or buried) into the soil at depths of 10, 30, and 50 cm,
respectively; SMmean is the mean of SM + O, SM + T, and SM + F; SBmean is the mean of SB + O, SB
+ T, and SB + F; * indicates significant difference (P < 0.05) between the straw incorporation depth
treatments for the same soil layer.
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3.4. Soil Organic Carbon (SOC) and Soil Total Nitrogen (STN) Stocks

The mean SOC stocks under the SB treatments were significantly higher than that under the SM
treatments in the 10–20, 20–30, and 30–40 cm soil layers as well as the 0–50 cm soil profile in both study
years and in the 40–50 cm soil layer in 2018 (Table 1). In the 0–50 cm soil profile, the highest SOC
stocks among all treatments were obtained with SB + T, with values of 77.38 and 77.14 Mg ha−1 in 2017
and 2018, respectively. Moreover, the SOC stocks in different soil layers and the overall 0–50 cm soil
profile were significantly influenced by the straw returning depth treatments. Of all the soil layers and
straw returning depths, the highest SOC stocks were in the 0–20 and 30–50 cm soil layers under the
SM/B + O and SM/B + F treatments, respectively.

The mean STN stock in the overall 0–50 cm soil profile did not significantly differ between the SM
and SB treatments, but it significantly differed in the 0–10 cm soil layer in both years and in the 10–20
and 40–50 cm layers in 2017 and 2018, respectively (Table 1). In the 0–50 cm soil profile, among all the
treatments, the STN stocks were the highest under SB + T (6.74 Mg ha−1) and SB+O (6.76 Mg ha−1) in
2017 and 2018, respectively. In both study seasons, similar to the SOC stocks, the STN stocks in the
0–50 cm soil profile, were strongly influenced by the straw incorporation depths. In the 0–20 cm soil
layers, the STN stocks were greater under SM/B + O than those treated with SM/B + F; conversely,
in the 30–50 cm soil layers, the STN stocks were higher under the SM/B + F treatments than those
under the SM/B + O treatments. In both 2017 and 2018, of the three returning depth treatments in
the SM incorporation system, the overall (i.e., in the 0–50 cm profile) STN stocks were the highest for
SM + F. However, when the straw was treated using the SB approach, the overall STN stocks were
higher under the SB + O/T treatments than the SB + F treatment.
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3.5. Soil C–N Ratio

In both years, the straw returning depths had significant effects on the soil C–N ratio in the
different soil layers of the 0–60 cm soil profile. The mean soil C–N ratio did not significantly differ
between the SB and SM incorporation methods, except for that in the 10–20 cm soil layer in 2018
(Table 2). At the 0–10 and 10–20 cm soil depths, the highest soil C–N ratios were obtained using SB + O
in 2017, SM + O in 2018, and SB + T in 2018. Of all treatments in this study, the soil C–N ratios were
highest under the SB + T treatment in the 20–30 cm soil layer and the SB + F treatment in the 30–60 cm
soil layers with a 10 cm interval. In both experimental seasons, the mean soil C–N ratio at different
sampling depths was lower in the SM treatments than the SB treatments, except for in the 40–50 cm
soil layer in 2018.

Table 2. Soil C–N ratio in the 0–60 cm profile under different straw returning approaches in 2017
and 2018.

Year Treatment
Soil Depth (cm)

0–10 10–20 20–30 30–40 40–50 50–60

2017

SM

O 11.81 b 11.76 ab 12.03 b 11.02 b 10.92 abc 11.13 ab
T 11.57 bc 11.35 bc 11.66 c 10.90 b 10.63 bc 10.27 b
F 10.11 e 10.82 c 10.67 d 10.89 b 11.27 ab 10.89 ab

Mean 11.16 A 11.31 A 11.46 A 10.93 A 10.94 A 10.76 A

SB

O 12.33 a 12.10 a 12.38 a 10.96 b 11.07 ab 10.30 b
T 11.35 cd 11.86 ab 12.50 a 11.41 ab 10.11 c 10.86 ab
F 11.11 d 11.48 b 11.43 c 11.92 a 11.78 a 11.76 a

Mean 11.60 A 11.81 A 12.10 A 11.43 A 10.99 A 10.97 A

2018

SM

O 11.65 a 11.26 bc 12.14 a 11.15 b 10.74 c 10.90 a
T 11.22 b 11.29 bc 11.20 bc 10.75 c 10.36 b 9.76 b
F 10.33 c 11.03 c 10.85 c 10.89 bc 11.18 b 10.81 a

Mean 11.06 A 11.19 B 11.40 A 10.93 A 10.76 A 10.49 A

SB

O 11.41 ab 11.62 ab 12.33 a 10.66 c 9.97 c 9.60 b
T 11.34 b 11.91 a 12.35 a 11.69 a 10.14 bc 10.72 a
F 11.14 b 11.50 abc 11.91 ab 11.93 a 11.70 a 11.27 a

Mean 11.30 A 11.68 A 12.20 A 11.43 A 10.60 A 10.53 A

SM and SB indicate that straw was mixed with soil and buried in soil, and O, T, and F indicate that straw was
incorporated into the soil (mixed or buried) at depths of 10, 30, and 50 cm, respectively. The different lowercase
within column for each year indicate significant differences statistically (P < 0.05) between straw returning depths
(O, T, and F) and different capital letters within column for each year indicate significant differences statistically
(P < 0.05) between soil returning approaches (SM and SB).

3.6. Relationship Between the Straw Decomposition Proportion and the Soil Organic Carbon (SOC) and Soil
Total Nitrogen (STN) Concentrations

Figures 7 and 8 show the fitted correlations between the straw decomposition proportion (SD)
and the SOC and STN concentrations, respectively. The results indicate that the SD–SOC and SD–STN
relationships had parallel tendencies throughout the 0–60 cm soil profile. In the 0–10 and 10–20 cm soil
layers, SD had a significantly positive linear correlation with both SOC and STN, except for the result
between SD and STN in the 0–10 cm soil layer. SD had significant parabolic relationships with both
SOC and STN in the 20–30 cm soil layer. However, SD had significantly negative linear correlations
between SOC and STN in the 30–40, 40–50, and 50–60 cm soil layers, except for the result between SD
and SOC in the 50–60 cm soil layer.
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Figure 7. Relationships between the straw decomposition proportion and the SOC concentration at
the soil depth of (a) 0–10 cm, (b)10–20 cm, (c) 20–30 cm, (d) 30–40 cm, (e) 40–50 cm, and (f) 50–60 cm
(n = 36).

Figure 8. Relationships between the straw decomposition proportion and the STN concentration at
the soil depth of (a) 0–10 cm, (b) 10–20 cm, (c) 20–30 cm, (d) 30–40 cm, (e) 40–50 cm, and (f) 50–60 cm
(n = 36).

4. Discussion

4.1. Straw Decomposition Proportion and C/N Release

The straw decomposition process depends strongly on climatic environmental conditions; among
all possible factors, temperature and precipitation are viewed as the primary factors that affect
the process [19]. In the present study, the overall annual mass loss of the straw shows that the
decomposition proportions were higher in 2017 relative to those in 2018 (Figure 2), likely because
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the mean air temperature in 2017 (9.26 ◦C) was higher than that in 2018 (9.09 ◦C). A previous study
showed that a higher air temperature with appropriate precipitation contributed to crop residue
decomposition [35]. The straw decomposition proportion was influenced by the returning methods,
but the results were inconsistent between the two years, which indicates that annual conditions affected
the straw decay process, as well. In addition, straw decomposition generally decreased as the returning
depths increased, which is in agreement with previous litterbag studies [18,35,36]. These findings may
be explained by the variations in the soil temperature and moisture [37], as well as differences in the
community of straw decomposers [13], at the different straw incorporation depths used in this study.

The changing trend of C release among all treatments was extremely similar to the overall response
observed in straw decomposition. On average, the C release proportions found in 2017 were higher
than the measurements in 2018, with respective ranges of 62.96–71.62% and 45.08–66.07%. Similar to
the C release derived from the decay of maize straw, the N release proportions from maize residue
under the different treatments in 2017 were generally higher than the results in 2018, with ranges of
38.32–46.33% and 11.25–37.11%, respectively (Figure 4). This discrepancy implies that straw-derived
N release during the decay process was dependent on annual conditions at various straw returning
depths, whereas C release from straw incorporation was not as affected. Straw decomposition and the
C and N release proportions were higher at shallower returning depths, which is primarily because
deep tillage creates conditions that are more anaerobic compared with the conditions in shallow tillage,
and anaerobes decompose less straw-derived C than aerobes [37].

4.2. Soil Organic Carbon (SOC), Soil Total Nitrogen (STN), and C–N Ratio

Straw distribution in the plow layer can change with different incorporation strategies; accordingly,
straw distribution affects the spatial distributions of SOC and STN [38]. In this study, the SOC and STN
contents were significantly high in soil layers close to the location of straw incorporation, regardless of
the straw returning method (Figures 5 and 6). These findings are in agreement with an earlier study [25]
that reported that farmland SOC and STN concentrations throughout the soil profile depended on the
straw placement from the straw incorporation practice. In addition, Turmel et al. [8] pointed out that
the SOC and STN levels can be controlled by organic matter inputs, native SOM decomposition rates,
or both. We found that the C and N release levels were higher in treatments with straw incorporation
at the shallowest depth (SM/B + O), and conversely, the C and N release levels were lower when straw
incorporation was deeper (SM/B + F) (Figures 3 and 4). On the other hand, deep straw incorporation
practices cause greater soil disturbance, resulting in increased native SOM mineralization relative to
shallow straw treatments [39]. Thus, the C and N released from straw and native soil organic matter
mineralization likely contributed to the distinctive SOC and STN behaviors between straw returning
depth treatments in different soil layers, especially in the 0–20 cm and 40–60 cm soil layers.

The soil C–N ratio affects C and N cycling in an ecosystem, C and N interactions, and the stability
of SOM in the soil profile [40,41]. Similar to SOC and STN, the soil C–N ratio in the different soil
layers was significantly affected by straw returning depths; furthermore, the ratio was generally
higher in soil layers close to the location of straw incorporation. These findings for the soil C–N ratio
are in accord with the results reported in a previous study [38], which suggested that crop residues
are conducive to an improvement in the soil C–N ratio. Such improvements may be explained by
the higher straw-derived C release compared with N release in the present study (Figures 3 and 4).
Additionally, the increasing C sequestration and net N mineralization that generally occur in a soil
layer with a high C–N ratio due to straw incorporation may account for the difference in the soil C–N
ratio between the straw returning treatments in the different soil layers investigated [27,42].

4.3. Soil Organic Carbon (SOC) and Soil Total Nitrogen (STN) Stocks

Similar to the SOC and STN concentrations reported above, SOC and STN stocks were significantly
increased in soil layers close to the location of straw incorporation in both years of the study period.
Furthermore, with the increasing depth in the overall 0–50 cm soil profile, both SOC and STN stocks
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under the SM/B + O treatments gradually diminished compared with those under SM/B + T and
SM/B + F treatments. This result is supported by findings in previous studies [29,43,44] and mainly
attributed to the higher straw-derived C and N release rates caused by the increased SOC and STN
concentration associated with the SM/B + O treatments: thus, stocks in the upper soil improve,
regardless of the changes in the soil bulk density (Figure S1). In addition, SOC and STN stocks tend to
be uniformly distributed throughout the whole soil profile when straw incorporation is deeper, which
is in accord with results from a previous study [26]. However, for the 0–50 cm soil profile, SOC stocks
associated with SM/B + F were generally lower than the two treatments with a shallower straw return.
This suggests that straw incorporation at depths greater than 30 cm may not favor C sequestration.
Moreover, in both years, markedly higher SOC stocks were obtained using the SB returning method,
indicating that the residue burying practice is a possible alternative method for straw incorporation in
the present study area. These findings are likely related to another observation in this study: Straw
incorporated into the deep subsoil layer was associated with accelerated SOM mineralization due
to enhanced soil profile disturbance [39] and straw decomposition under poorly available nutrient
conditions [45,46].

4.4. Relationships Between Straw Decomposition and Soil Organic Carbon (SOC) and Soil Total Nitrogen
(STN) Concentrations

To provide further insight into the reason for the relatively low SOC stocks resulting from straw
incorporation at a soil depth greater than 30 cm, we analyzed the relationship between the straw decay
proportion (SD) and the SOC and STN concentrations in different soil layers using the overall data for
both years. Similar changing trends of SOC and STN concentrations were correlated with the straw
decay rate in the different soil layers (Figures 7 and 8). The correlation was positive and linear in
the 0–20 cm soil layers but negative and linear in the 30–60 cm layers, while a parabolic relationship
was revealed for the 20–30 cm soil layer. This strongly suggests the process of fresh straw input and
decomposition generated priming effects (PEs), which define the changes in the SOM decomposition
resulting from the addition of organic or mineral substances to the soil [47]. In a previous short-term
study, in the topsoil (0–20 cm), negative PEs with C and N immobilization were usually found because
microbes were provided with sufficient and available nutrients for decomposition [48]; therefore, the
SOC and STN content increased as the SD increased. However, in the subsoil (30–60 cm), positive PEs
might have resulted from the straw decaying process, especially in the late stage, during which, more
recalcitrant C-derived from straw is decomposed in anaerobic conditions [37], and fewer nutrients
are available [14], resulting in a trend that is opposite to that in the topsoil. These results suggest that
the nutrient level in the subsoil needs to be considered when practicing deep straw incorporation
in farmland.

5. Conclusions

When straw was mixed with soil, the straw decomposition proportion and C and N release
markedly declined as the returning depth increased; however, they were variable between the two
years when the straw was buried in the soil at different depths. Moreover, maize straw incorporated
into the soil at 10, 30, and 50 cm depths tended to increase SOC and STN concentrations and the
soil C–N ratio in the 0–20, 20–30, and 40–60 cm soil layers, regardless of the straw returning method
employed. Thus, SOC and STN stocks in the 0–20 cm soil layers increased in the shallow straw
returning approaches (SM/B + O), but straw buried at a depth of 50 cm strongly enriched them in the
deep soil layers (30–50 cm). In the 0–50 cm soil profile, the highest SOC stocks were 77.38 Mg ha−1 in
2017 and 77.14 Mg ha−1 in 2018, which were both obtained using the SB + T treatment. Burying straw
in the soil significantly increased the SOC stocks compared with mixing the straw with the soil. The
STN stock was also significantly affected by the straw returning depth, but the effect was inconsistent
between the two years. Interesting results for the interactions between the straw decomposition
proportion and SOC and STN were found: They were positively correlated in the 0–20 cm soil layer
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but negatively correlated in the 30–60 cm soil layers. Taken together, our results indicate that straw
could be incorporated into the soil, in practice, through plow tillage in northeastern China, and the
incorporation depths not exceeding 30 cm may be beneficial for sustainable maize production systems
considering soil quality conservation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/12/818/s1,
Figure S1: Changes in soil bulk density in the 0–60 cm profile under different straw returning approaches in 2017
and 2018. SM and SB indicate straw mixed with soil and buried in the soil; O, T, and F indicate straw incorporated
into the soil (mixed or buried) at depths of 10, 30, and 50 cm, respectively. SMmean is the mean of SM + O, SM + T,
and SM + F; SBmean is the mean of SB + O, SB + T, and SB + F; * indicates significant differences (P < 0.05) between
straw incorporation depths (treatments) in the same soil layer.
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Abstract: Introducing agro-ecological techniques such as no-tillage systems with cover crops in
rotations with soybean (Glycine max (L.) Merr.) could provide more resilience to changing climatic
conditions and, at the same time, reduce soil erosion, nitrate leaching, and weed density in the main
crop. However, there are challenges in introducing no-tillage techniques in crop systems in Europe as
there is little quantitative knowledge about the agro-economic impact. The objectives of this study
were to evaluate the agronomic and economic impacts of three soybean cropping systems involving a
rye (Secale cereal L.) cover crop prior to soybean, i.e., two no-tillage systems; either herbicide-free with
crimping the rye or herbicide-based without rye crimping and one plough-based in which rye was
cut as green silage. The impacts of these cropping strategies were compared in a three-year cropping
system experiment at a research station in north-eastern Germany with and without irrigation.
The following parameters were measured: (1) cover crop biomass; (2) weed biomass; (3) soybean plant
density; (4) soybean grain yield; and (5) gross margin of the cropping system. The results showed
that all three soybean cropping systems can effectively suppress weeds. System (C), the no-tillage
herbicide-based system, produced the lowest rye biomass and highest soybean yield; system (B),
the no-tillage herbicide-free/crimped rye system, produced the highest rye biomass and lowest
soybean yield compared to system (A), the standard cutting/plough-based system. The differences
in rye biomass and soybean yield observed between the three systems could be mainly attributed
to the timing of the cover crop termination and the soybean sowing date. The gross margin was
highest in system (C), due to the high soybean grain yield. The low soybean grain yield in system (B)
resulted in lower revenues and gross margins compared to systems (A) and (C), although system (B)
could be economically attractive in organic farming with higher prices for organic soybean. In the
particularly dry year 2016, gross margins were higher when soybean was irrigated compared to the
rainfed cultivation, due to significantly higher grain yields. Before recommending the application
of the no-tillage with cover crop technique for the conditions tested in north-eastern Germany,
more investigations on the benefits and risks of this technique are needed. Further research needs
to focus on maintaining a high rye biomass as well as on ensuring an early soybean planting
date. Optimizing the crimping and drilling equipment is still required in order to develop good
management practices for no-tillage herbicide-free systems in European conditions.

Keywords: no-tillage; cover crop; irrigation; weed suppression; gross margin

1. Introduction

Climate change has adverse effects on crop production in Europe [1]. Adaption to climate change
is crucial especially for grain legumes [2] and other spring crops that tend to have low yield stability [3].
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Adaptation options include adjusting the crop management, choice of cultivars and design of the
cropping system [4,5]. Northern Germany is expected to be affected by climate change including an
increase in average annual temperature, shifts in seasonality of precipitation (decreased in summer,
increased in winter), shifts in potential evaporation, increasing incidence of milder winters, an increased
frequency of periods of drought and heavy precipitation, and an extended vegetation period [6].

As a consequence, the cool-season grain legumes such as lupins, field peas and faba beans are
likely to respond with a reduced yield stability that has been observed in long-term field experiments
over the last 60 years [7] and will not be able to take advantage of the higher temperatures and increase
in vegetation period. Consequently, soybean (Glycine max (L.) Merr.) as a warm-season grain legume
could benefit from these higher temperatures and longer vegetation periods in central Europe and
provide an alternative to the cool-season grain legumes [8,9]. The cultivation of soybean in Europe is
done as a summer annual grain crop using short-day adapted varieties. Late sowing dates of soybean
in May means that a cover crop could be included prior to soybean planting to cover the soil during
winter. However, little is known on cover crops used before grain legume sowing.

The main driver for growing cover crops prior to grain legumes, besides reducing wind and
water erosion and increasing soil organic matter, is weed suppression before and during the growing
season [10]. This is important since soybean is very sensitive to weed infestation especially in low-input
and organic farming [11]. The mechanisms of weed suppression by cover crops are diverse and depend,
besides other factors, on the termination method. A common approach uses broad spectrum herbicides
based on glyphosate and atrazine to terminate the cover crops. Mechanical cutting and grazing can
also be used to kill cover crops. A novel approach for cover crop termination is crimping, using a
roller-crimper [12]. With all these approaches, the cover crop mulch layer inhibits the weed physically
(due to shading), chemically (allelopathy) or by direct competition for resources [13].

Prevailing production systems couple cover crops with conservation tillage (CT) to enhance
the ecological benefits e.g., no-tillage cover-crop systems after legume crops is the most common
conservation agriculture (CA) application known to optimize utilization of nitrogen, thereby reducing
nitrate leaching [14]. The use of cover crops in CA adds also further environmental benefits such
as soil erosion control, increases soil organic carbon and thus enhancing soil fertility [15] as well as
improvement of soil properties, microflora and fauna [16].

While such no-tillage cover-crop systems are more common for growing soybean in the US [17,18],
their agronomic and economic potentials and limitations have not been investigated under Central
European conditions except for the study by Weber et al. [12] in organic farming. To investigate
the agro-economic potential of the novel no-tillage cover-crop systems in soybean, a three year field
experiment was established on sandy soils in north-eastern Germany. The objectives were to assess
the agronomic effects of the different cover crop systems on (i) soybean plant density, (ii) cover crop
biomass, (iii) weed suppression and (iv) soybean grain yield as well as (v) the related economic
opportunities and limitations of growing soybean in no-tillage cover-crop systems.

2. Materials and Methods

2.1. Study Site

The study was implemented in north-eastern Germany in the federal state of Brandenburg. A field
experiment was conducted at the research station of the Leibniz Centre for Agricultural Landscape
Research (ZALF) in Müncheberg (52◦31′ N, 14◦7′ E, 60 m.; NE Germany). Soils in the research station
are from glacial deposits and are predominantly sandy loams and loamy sands with a high spatial
heterogeneity containing on average 61% sand, 27% silt and 12% clay. The soil pH (KCl) ranges between
6.1 and 6.9, the total soil carbon between 4 g kg−1 and 7 g kg−1 and the plant available water holding
capacity is estimated at 150 mm in the rooting zone of 1 m. During the last 40 years the climate measured
in the experimental field in Müncheberg showed that the mean annual temperature increased from
8.5 °C in the period 1970–2000 to 9.0 °C in the period of 1980–2010. There was also an increase in the
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annual precipitation rate in the same period from 521 mm p.a. to 565 mm p.a. However, this increase
was combined with a shift in the precipitation distribution with more precipitation in the winter
months (Jan., Feb.) and less in April and more heavy precipitation events in the summer months [19].
During the study period from 2015–2017, the annual precipitation varied from 451 mm in the dry
year in 2016 to 635 mm in 2017. Monthly rainfall totals and average temperatures for each year are
presented in the results section.

The study took place on three different fields over three successive growing seasons, starting in
fall 2014 with the establishment of winter rye (Secale cereal L.) as a cover crop. The experiments were
designed by scientists, influenced by farmers’ interests and constraints in managing weeds effectively
without additional weeding or herbicide applications, following Reckling et al. [5].

2.2. Design of the Field Experiments

All treatments were arranged in a split-plot design with four replications. Whole plots consisted
of cropping systems while subplots were irrigation (with/without) that was omitted in 2015 and 2017,
when precipitation was sufficient and irrigation was unnecessary. Individual plots were 8.5 m × 12 m
in size.

Three cropping systems were compared:

• System (A)—a standard “cutting/plough-based system”, in which the previous rye cover crop was
cut and removed, and plots were tilled immediately to 23 cm deep by reversible plow combined
with packer to level the seedbed in spring (9–17 May). Then soybean was sown with a standard
drill at the optimal time (11–19 May).

• System (B)—a “no-tillage herbicide-free system”, where the previous rye cover crop was crimped
at rye flowering (18–27 May), left on the field and soybean sown with a direct seeding drill
immediately, without any later chemical regulation of weeds.

• System (C)—a “no-tillage herbicide-based system”, in which the previous rye cover crop was
killed with a broad-spectrum systemic herbicide (glyphosate) at the end of stem extension period
(11–29 April) when the most mature rye was at booting stage (BBCH: 31); with no further soil
tillage, soybean sown with a direct seeding drill at the optimal sowing time (11–17 May, similar to
system (A)) and with subsequent application of pre-emergent and post-emergent herbicides.

All soybean crops followed a winter rye cover crop that was established in autumn (27 Sept–10 Oct)
using a standard drill in 10 cm rows at 250 seeds m−2. In 2017, the seeding rate was increased to
350 seeds m−2. For weed management a single broadcast application for pre-emergence herbicides
was applied (Table 1).

The soybean cultivar Merlin (maturity group 000) was planted at a rate of 65 seeds m−2 in 2015
and 80 seeds m−2 in 2016 and 2017. Adjustments were needed to increase the rate of emergence,
especially in the system where the cover crop was crimped. All three systems were tested with and
without irrigation. Irrigation was applied as needed, depending on rainfall events. Irrigation amounts
and timing were modelled with the Web-BEREST irrigation software. Web-BEREST calculates the
irrigation water based on the crop demand using the coefficient of actual to potential evapotranspiration.
Detailed information on the model assumptions and equations are provided by Mirschel et al. [20].
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Table 1. Schedule of field operations, in Müncheberg, from 2015 to 2017.

Field Operation 2015 2016 2017

Rye Sowing Date

All cropping systems Date 10.10.2014 29.09.2015 27.09.2016
Rate (seeds m−2) 250 250 350

Rye termination

System (A) Date 11 May 17 May 09 May
Forage harvester Fortschritt E 281

System (B) Date 27 May 24 May 18 May
Crimper MaxiCut 600

System (C) Date 29 April 22 April 11 April
Sprayer Hardi Ranger Pro VHP

Soybean inoculation

All cropping systems Preparation HISTICK® Soy (Bradyrhizobium japonicum)
Rate (g 100kg−1) 400

Fertilization

Systems (A) & (C)

Date 20 March 01 April 27 March
Triple Super Phosphate (46%) 100 kg ha−1 100 kg ha−1 100 kg ha−1

K2O as potassium chloride (60%) 100 kg ha−1 100 kg ha−1 100 kg ha−1

Urea Ammonium nitrate and
ammonium thiosulphate 230 L ha−1 – 183 L ha−1

Soybean planting

System (A) Date 13 May 19 May 11 May
Rate (seeds m−2) 65 80 80

System (B) Date 28 May 24 May 22 May
Rate (seeds m−2) 65 80 80

System (C) Date 13 May 17 May 11 May
Rate (seeds m−2) 65 80 80

Pre-emergence herbicide application (soybean)

Systems (A) & (C)
Date 18 May 20 May 12 May

Metribuzin (700 g kg−1) 400 g ha−1

Rate (L ha−1) 300 400 400

Soybean harvest

System (A) 05 Oct 05 Oct 21 Sep
System (B) 22 Oct 05 Oct 17 Oct
System (C) 05 Oct 22 Sep 21 Sep

2.3. Data Collection

Biomass of cover crop was measured in April for system (C) and May for systems (A) and (B),
prior to termination, by clipping plants at the soil level from a single 0.5 m2 quadrat per replication.

Plants were dried at 65 °C for 48 h and weighed to determine dry weight per plot. Soybean density
was measured 12 days after planting, and soybean/weed stand was measured in late July, by clipping
all plants within a single 0.5 m2 quadrat for each replication. Soybean and weeds plants were separated
to determine the fresh and dry weight. Soybean yield was determined between 5–22 October through
the machine-harvesting operation of mature plants within 15–17 m2. System (B) was omitted in 2015
when soybean density data were analyzed, due to difficulty in seeding through thick rye residue and
poor plant stand.

A simple economic calculation was performed. Revenues were calculated for each cropping
system i.e., the rye biomass and soybean grain yield and producer prices for both rye biomass and
soybean grain in Germany from 2018. The variable costs included all inputs i.e., seeds, inoculum,
fertilizers, herbicides and operations for soil tillage, sowing, fertilizer application, rye termination,
harvesting, irrigation and/or harvesting of rye green biomass. The price for conventional soybean
grain was 350 € t−1 and the price of organic soybean grain was 800 € t−1 in 2018, with 71% higher
seed costs for organic than for conventional seeds. The price for rye biomass was valued at 78.6 € t−1.
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The rye residues that were crimped or killed by herbicide and which remained on the field after the
termination were not assigned any economic value.

2.4. Statistical Analysis

Data were subject to two-way ANOVA, using the SAS® 9.2 PROC MIXED procedure (SAS Institute
Inc., Cary, NC, USA), after satisfying the assumptions for normality and homogeneity of variance.
When an interaction was not significant, it was removed from the model, and the data were reanalyzed
without the interaction.

Two-way-ANOVA, followed by Tukey’s post hoc test, was performed to compare the main effects
of cropping system and year for the plots without irrigation and the interaction effect between cropping
system and year on soybean yield, rye and weed biomass.

Additionally in 2016, Two-way-ANOVA, followed by classical t-tests between different treatments
within irrigation and followed by Tukey’s post hoc test between different treatments within cropping
system, was performed to compare the main effects of cropping system and irrigation and the interaction
effect between cropping system and irrigation on soybean yield and weed biomass. The cropping
systems included three types (systems (A), (B), and (C)), data were collected for three years (2015, 2016,
and 2017), and two irrigation conditions were considered (with and without irrigation).

Linear regression was performed to identify potential relationships between soybean grain yields
and weed biomass under all three cropping systems. Additionally, regressions were used to identify
potential effects of rye biomass in system (B) on soybean yield and weed biomass. The Pearson’s
correlation coefficients were calculated using the software SAS® 9.2 PROC REG procedures for
multivariate data analysis (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Climate

Cumulative precipitation during the 5-month growing season (May-September) was at least 12%
higher than the 25-year average of 308 mm in 2017, but only 70% of the 25-year average in 2016,
and only 64% of the 25-year average in 2015. Moreover, distribution of precipitation did not favor
soybean germination in 2016, since less than 5 mm was received during May, this lower amount was
only 9% of precipitation received in 25-year average of 55 mm.

Distribution of precipitation during the growing season also favored soybean seed production in
2017, with greater-than-average amounts of precipitation occurring during June and July when the
majority of soybean vegetative and reproductive growth typically occurs in northeastern Germany.

Monthly growing-season temperatures were near the 25-year average of 16.3 °C in 2015 and 2017,
1.3 °C warmer than the 25-year average in 2016. Temperatures in June and July were comparable to the
25-year average in three experimental years (Table 2).

3.2. Soybean Plant Density

There was a significant interactions for soybean plant density between cropping system and year
(p = 0.0003) (Figure 1). In 2017, soybean densities differed with the cropping system, with significantly
higher soybean densities at system (A) compared to system (B) and system (C). In 2016 and
2015, higher soybean densities were found in system (C) compared to system (A) and system
(B), however, these differences were not significant. In all systems, soybean densities in 2016 were
reduced on average by 50% from the target plant density and ranged from 30 to 40 plants m−2.
Soybean density in 2017 achieved consistent soybean densities between 60 and 75 plants m−2 (Figure 1).
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Table 2. Mean temperature, precipitation and irrigation amounts (in parentheses) from 2015–2017.

Mean Temperature (°C) Precipitation (mm)

2015 2016 2017 25-Year Mean 2015 2016 2017 25-Year Mean

January 1.3 −0.8 −1.6 −0.1 67.0 32.0 25.7 40.3

February 5.4 3.5 1.5 1.1 4.7 39.4 26.8 29.4

March 8.6 4.2 6.8 4.0 39.3 22.7 41.5 36.4

April 12.7 8.4 7.8 9.1 17.4 18.8 21.7 29.7

May 16.1 15.5 14.3 13.8 21.9 4.9 (15) 41.8 55.4

June 19.3 18.4 17.6 16.6 42.1 91.2 110.1 56.3

July 21.5 19.3 18.4 18.9 47.7 52.3 (75) 114.6 81.4

August 13.9 17.7 18.6 18.2 18.0 45.1 (10) 55.6 64.9

September 7.9 16.9 13.3 14.0 66.7 20.4 24.0 49.8

October 6.9 8.4 11.2 9.2 55.1 48.7 72.7 40.1

November 6.5 3.4 5.44 4.3 66 32.5 67.5 39.0

December 1.3 2.4 3.2 1.2 27.0 42.9 32.9 36.7

Annual 10.2 9.8 9.7 9.2 472.9 450.9 634.9 559.6

Figure 1. Interaction effect of cropping system on soybean density at Müncheberg, Germany, in 2015
to 2017. (p = 0.0003). Abbreviations: System (A), Cutting/plough-based system; System (B), No-tillage
herbicide-free system; System (C), No-tillage herbicide-based system. Standard error bars are presented
(n = 8). Means in the same year followed by the same letter are not significantly different at p ≤ 0.05.
The soybean density from system (B) in 2015 was excluded in data analysis because there were no
plants to sample (see Section 2.3. Data collection).

3.3. Cover Crop Biomass

A two-way analysis of variance was conducted on the influence of cropping system and year on
rye biomass. Significant interactions were detected between year and cropping systems (p < 0.001)
(Figure 2).
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Figure 2. Interaction effect of cropping system on rye biomass at Müncheberg, Germany, in 2015 to
2017 (p < 0.001). Abbreviations: System (A), Cutting/plough-based system; System (B), No-tillage
herbicide-free system; System (C), No-tillage herbicide-based system. Standard error bars are presented
(n = 8). Means in the same year followed by the same letter are not significantly different at p ≤ 0.05.

The dry weight of rye shoot biomass at the time of treatment with glyphosate at system (C) was
significantly lowest in all years, whereas the dry weight of the mowed rye at the system (A) was
intermediate. Biomass was the highest in no-tillage herbicide-free system in system (B) (Figure 2),
with no significant difference between system (A) and system (B) in 2016.

3.4. Weed Suppression

There was a significant interaction between cropping system and year for weed biomass without
irrigation (p < 0.001). Weed biomass at soybean flowering was not affected by the cropping system in
2017. In 2016, weed biomass in system (C) was significantly less than in systems (A) and (B). Thus,
both conservation tillage systems (B) and (C) can effectively suppress weeds similarly to standard
ploughed system (A) (Figure 3).

There was no significant interaction effects for weed biomass in 2016 between cropping system and
irrigation (p = 0.23), while the main effects of cropping system and irrigation were significant. Irrigation
in 2016 increased significantly weed biomass (p = 0.006) in all three cropping systems. There was a
significant difference between systems (p = 0.0003), with system (C) having significant lower weed
biomass than system (A) and system (B) (Figure 4).

Soybean grain yield was only weakly correlated with weed biomass in all cropping systems
(Intercept = 30.25 ± 3.06 and slope = −0.74 ± 0.34 adjusted R2 = 0.248, p =0.049). There was a strong
negative correlation between rye cover crop biomass at the time of termination and weed biomass
in the following soybean crop (Intercept = 58.17 ± 3.93 and slope = −0.69 ± 0.05 adjusted R2 = 0.937,
p < 0.001).
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Figure 3. Interaction effect of cropping system on weed biomass without irrigation at Müncheberg,
Germany, in 2016 and 2017. Abbreviations: System (A), Cutting/plough-based system; System (B),
No-tillage herbicide-free system; System (C), No-tillage herbicide-based system. Standard error bars
are presented (n = 4 in 2016 and n = 8 in 2017). Means in the same year followed by the same letter are
not significantly different at p ≤ 0.05. The weed biomass from system (A) in 2017 was excluded in data
analysis because there were no weeds found.

Figure 4. Effect of irrigation on weed biomass under three cropping systems at Müncheberg, Germany,
in the dry year 2016. Abbreviations: System (A), Cutting/plough-based system; System (B), No-tillage
herbicide-free system; System (C), No-tillage herbicide-based system. No interaction effect (p = 0.23).
Standard error bars are presented (n = 4). Means followed by the same letter are not significantly
different at P≤0.05. Lowercase letters allow for comparison among cropping system (P=0.0003).
Uppercase letters allow for comparison between with and without irrigation (p = 0.006).

3.5. Soybean Yield

There was a significant interaction for soybean yield between cropping system and year under
rainfall conditions (p < 0.001) (Figure 5). In 2015 no differences could be detected between cropping
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systems. While system (C) outperformed system (A) and (B) in 2016, system (C) was not statistically
different from system (A) and system (B). Otherwise, a significant difference was observed between
system (A) and system (B) in 2017 (Figure 5).

Figure 5. Interaction effect of cropping system on soybean yield without irrigation at Müncheberg,
Germany, in 2015 to 2017. Abbreviations: System (A), Cutting/plough-based system; System (B),
No-tillage herbicide-free system; System (C), No-tillage herbicide-based system. Soybean yield were
analyzed separately each year, due to a significant interaction between years and cropping systems
(p <0.001). Standard error bars are presented (2015 and 2017 n = 8, 2016 n = 4). Means in the same
year followed by the same letter are not significantly different at p ≤ 0.05. The soybean yield from
system (B) in 2015 was excluded in data analysis because there were no plants to sample (see Section 2.3.
Data collection).

In 2016, there were significant two-way interactions for soybean yield between cropping system
and irrigation (p = 0.02). With and without irrigation, system (C) outperformed system (A) and (B)
and there was no significant difference between system (A) and system (B) (Figure 6). Grain yield
responded to irrigation in all systems. These responses to irrigation were highest in system (B) (264%
higher yield with irrigation), compared to system (A) (105% higher yield with irrigation) and the
lowest effect, but highest absolute yields were found in system (C) (61% higher yield with irrigation).

3.6. Economic Results

Economic results were affected by the cropping system, the presence of irrigation and differences
in prices. System (A) achieved a gross margin of 380 € ha-1 in the rainfed system, which was lower
than system (C) with 463 € ha−1. The gross margin for system (B) was negative with a conventional
price (−172 € ha−1) and positive with an organic price (447 € ha−1). The main differences between the
cropping systems resulted from the differences in soybean revenues, which were 975 € ha−1 in the
standard system (A), 1254 € ha−1 in system (C), and 557 € ha−1 in system (B) if the price of conventional
soybean was used, 1176 € ha−1 when the organic price was assumed. The second difference in the
cropping system came from the variable costs, which were 1052 € ha−1 when the rye biomass was
harvested, and the field was ploughed (system (A)), 696 € ha−1 when the rye was crimped (system (B)),
and 792 € ha−1 when rye was killed with the contact herbicide (system (C)). This amount was broken
down into the cost for rye cultivation, which was equal for all systems, as well as the costs for soybean
cultivation and rye termination, which were varied between the cropping systems (Figure 7).
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In all three systems, the use of irrigation increased the variable costs by 270 €/ha on average in
2016 compared to rainfed cultivation. The largest effects on the additional revenues from irrigation in
2016 were achieved in system (B) which responded best to the addition water supply (Figure 8).

Figure 6. Interaction effect of irrigation on soybean yield under three cropping systems at Müncheberg,
Germany, in dry year 2016. Abbreviations: System (A), Cutting/plough-based system; System (B),
No-tillage herbicide-free system; System (C), No-tillage herbicide-based system. Interaction effect
(p = 0.02). Standard error bars are presented (n = 4). Means followed by the same letter are not
significantly different at p ≤ 0.05.

Figure 7. Comparison of average revenue, variable cost and gross margin for two no-tillage systems and
tillage system from 2015 to 2017, all without irrigation. Abbreviations: System (A), Cutting/plough-based
system; System (B), No-tillage herbicide-free system; System (C), No-tillage herbicide-based system.
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Figure 8. Comparison of gross margin for two no-tillage systems and tillage system under irrigated
and without irrigation in the 2016 drought year. Abbreviations: System (A), Cutting/plough-based
system; System (B), No-tillage herbicide-free system; System (C), No-tillage herbicide-based system.

4. Discussion

In central Europe, soybean production is only possible annually during summer, when the danger
of frost ends. This poses a major challenge to sustainable agriculture, requiring to maintain ground
cover over the winter months. For this reason, the interest in cover crops prior to soybean planting in
central Europe is increasing [21]. Cover crops are preferred not just because they reduce wind and
water erosion and increase soil organic matter but also because they have weed-suppressing effects
before and during the growing season [22]. Terminating cover crops by plough is not suitable for
sustainable agriculture, since soil disturbance should be minimized within this system.

In this trial, using two no-tillage cover-crop systems, weeds were managed during the soybean
growing season equally or better than by using the cutting/plough-based system (system (A)). However,
a higher soybean yield was obtained with the no-tillage herbicide-based system (System (C) than with
the cutting/plough-based system, which outperformed the no-tillage herbicide-free system (System
(B)).

The date of termination differed among the cropping systems in this trial, and that could have
a major effect on the sowing dates and finally, the yields. Rye in system (C) was terminated at
the booting stage to maximize the effectiveness of glyphosate, which decreases when plants reach
reproductive stages [23,24]. The cutting date of rye in system (A) was at the head emergence stage to
maximize yield and feed quality traits [25,26]. In system (B), rye could only be terminated at anthesis
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(flowering) stage, following the recommendations of Keene et al. [18] in Canada, and Ashford and
Reeves [27] in the northern USA, and thereby increasing the effectiveness of the roller-crimper for
killing rye. The late cover crop termination in system (B) prevented an early soybean sowing date,
which is needed for achieving high yields in no-tillage herbicide-free systems. Previous research
suggested strategies to allow an earlier planting date, i.e., using earlier-flowering rye cultivars [17,28],
planting rye earlier [10,26,29–31], planting soybean at the boot stage of rye cultivars with low regrowth
potential [32,33], and planting soybean into standing rye prior to termination.

4.1. Soybean Productivity

The variation in soybean yield among cropping systems was largely influenced by the differences
in soybean establishment. This makes it difficult to attribute this effect to the different features of the
soil tillage systems. In our trial, the use of glyphosate to terminate the cover crop in the no-tillage
system had the potential to achieve higher or similar soybean yields compared to those obtained using
a standard cutting/plough-based system, whereas using a crimper to terminate the cover crop in the
no-tillage system appeared to be less successful in this regard.

The typical soybean planting date in eastern Germany is from late April to mid-May [8]. However,
soybean following crimped rye (system (B)) was planted during late May in this study to allow the
cover crops to reach anthesis, thus facilitating better roller–crimper efficacy [17,27,34–39]. This delayed
the planting date of soybean and subsequently limited the yield potential [40,41]. Soybean in the
systems (A) and (C) was sown earlier than in system (B), providing the plants more time to establish
and fill the pods, which is important considering that soybean is a short-day plant, sensitive to the
photoperiod when grown in summer in Europe [42,43]. Conversely, a late planting date of soybean in
system (B) resulted in a less vigorous vegetative growth, a lower number of branches able to produce
pods, and a lower soybean yield potential per plant [41,43]. Additionally, the longer growing time
of the cover crop often results in increased water use in the growing season. This, in turn, reduces
the soil moisture available to soybean, which potentially increases the risk of a dry soil profile [28,35].
Moreover, Flower et al. [10] indicated that late killing of the cover crop reduces soil water storage.
While cover crops are known to improve water retention (especially during winter), they are not able
to offset crop yield declines that may occur because of temperature and water stress [19,30].

Soybean densities were lower for all systems in 2016 compared to 2017. Low soybean densities
could be partially responsible for the relatively low soybean grain yields in 2016 for all systems
compared to 2017. Higher plant densities result in canopy closure earlier in the season, which can be
conducive to increased light interception, reduced soil moisture loss, prevention of the establishment
of early-emerging weed, and increased crop yield [36,37]. Cumulative precipitation from May to
September in the warmer year of 2016 was lower than in 2017, which could partly explain the yield
differences between the two years. In dry years, the plants were often extremely short, and the
lowest pods were very close to the ground, which increased losses during harvesting [37,38,40,42].
Mandić et al. [39] pointed out the importance of rainfall for soybean grain yield in north Serbia.
Their study concluded that soybean grain yield had a strong positive relationship with the amount of
rainfall during the growing season, especially in May, July, and August.

In 2016, in system (C), soybean produced higher yields than in systems (A) and (B), possibly
because soil moisture was reduced after tillage during the harsh drought spring or was reduced by
transpiration during cover crop growth until its flowering [24,33,34,36]. This theory is supported by
the results of Bernstein et al. [33], who showed that after late rye termination in a dry year, soil moisture
at depths below 20 cm was more reduced in a no-tillage system than in ploughed systems.

4.2. Cover Crop Biomass

Rye cover crop biomass was the lowest in system (C) compared to systems (A) and (B) in all years.
Rye in the system (A) built intermediate rye biomass until the cutting date. The earlier termination
dates of rye cover crops contributed to an apparent reduction in biomass of sprayed and mowed rye
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compared to the biomass of rolled-crimped rye. Rapid accumulation of rye biomass occurred in system
(B) (roller-crimped) over the 28–37 days after the application of glyphosate in system (C) or 9–16 days
after cutting in system (A). Previous research from Pennsylvania (USA) showed a37% increase in
biomass with each 10-day delay in cover crop termination in spring [44].

In addition to the rye termination date, rainfall strongly influenced rye biomass accumulation.
Rye biomass was lower in all systems in 2016 compared to 2015 and 2017. Differences in monthly
precipitation from March to May during the study period explain why biomass results varied among
these years. The rye cover crop was exposed to drought stress during the vegetative rye growth in
2016, which reduced the rye biomass production. This finding is in agreement with Alonso-Ayuso et
al. [45], who showed that the above-ground biomass was double in a typical or humid year than in a
dry year. Also, Idowu and Grover [46] found that a major challenge of cover crop adaptation in dry
areas is the availability of water to grow cover crops.

4.3. Weed Suppression

Termination methods of rye suppressed weeds prior to soybean growing season, in system (A)
during mechanical cutting and by ploughing the top soil layer, in system (B) during mechanical
crimping and in system (C) by application of glyphosate that killed not only rye but also the weeds.
Pre-emergence herbicide was applied in systems (A) and (C) to regulate weeds during the soybean
growing season. Rye as a cover-crop in the crimped system (B) regulated weeds through mechanical
(crimping) and biological suppression by inhibiting the germination of weed seeds (due to shadow and
allelopathy) or by direct competition for resources [13]. In our trial, the use of both no-tillage cover-crop
systems suppressed the weed and formed less or similar weed biomass compared to the standard
cutting/plough-based system. Our results indicate efficiency of weed suppression in no-tillage systems
with additional practices such as mechanical in system (B) or chemical system (C) including cover
crops [10,47].

The weed biomass in 2017 was significantly lower than in 2016. This observation might be
attributed to low precipitation in 2016, which had a greater effect on rye biomass at the termination
date and the loss of rye residues than in the humid year 2017. Smith, et al. [48] found an increased weed
competition within the row in conditions with low rye biomass. Furthermore, cover crop biomass was
negatively correlated with weed density. This is in agreement with Witter, et al., [49] who showed
that the higher the cover crop biomass, the lower the weed density. Insufficient soil moisture [28],
inadequate seed placement [40], and poor seed-to-soil contact [31] can explain the influence of cover
crop biomass on weed emergence in soybean.

4.4. Irrigation

Plots were only irrigated in 2016 because of insufficient rainfall from May to September. The use of
irrigation increased soybean yields in our study (in 2016) and other investigations [50,51]. Drought stress
at the critical phases, i.e., from flowering to pod filling, could lead to the defoliation of flower buds.
However, the delay in the supply of irrigation water cannot always compensate for the damage [52].

The need for irrigation should be different among the systems, due to different sowing dates
and water loss during termination. The negative effects of the rolled rye treatment on soybean
yield reported by Davis [17] may have been caused by continued water use of cover crops crimped.
In conservation tillage systems, the recommended rye termination date is 4 weeks prior to the soybean
planting date [27], to minimize the problems of emergence as a result of soil water depletion.

The higher weed biomass on the irrigated plots can be attributed to the higher moisture in the
topsoil, which stimulated the germination of weed seeds that could compete better with the soybeans.
Ferdous et al. [53] reported a significant increase of weed dry matter at 40 days after planting in
irrigated plots than in non-irrigated plots. In contrast, many previous studies reported that weed
resurgence was not affected by irrigation significantly. This complete soybean canopy formed during
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the growing season can increase weed suppression and weed biomass better in the irrigated than
non-irrigated plots [54].

4.5. Economic Assessment

The soybean revenue in system (C) were higher because of higher soybean yield. Although,
low grain yields of soybean in system (B) had a negative effect on the total revenue, high prices for
organic soybean of 800 € ha−1 versus 380 € ha−1 for conventional soybean could compensate for the
lower yields resulting in an overall positive gross margin.

The highest variable cost of introducing rye as a cover crop in system (A) would be covered by
selling the rye biomass as animal feed (at 456 € ha−1). In general, conservation systems (B) and (C)
appeared to perform better with irrigation, where competition for water reduced, resulting enhanced
crop growth and increased revenues. This potentially enhanced returns on investment, as demonstrated
by Snapp et al., [51]. An additional benefit of cover crops is that they can reduce nitrate leaching during
winter [16], although, currently, this is not a sufficient incentive to overcome the additional costs from
growing cover crops.

5. Conclusions

This study demonstrated the high efficiency of no-tillage cover-crop systems in controlling weeds
during soybean growing season. Soybean yield was lower for the no-tillage herbicide-free system,
which could be attributed to the late cover crop termination date in this system. The low soybean
yield for the herbicide-free system resulted in low revenues and gross margins, which would only be
economically attractive in organic farming, where the selling price of soybean is relatively higher.

Although irrigation promoted weed growth, it also increased soybean yields in all cropping
systems. The additional costs of irrigation were covered by the higher revenues resulting from higher
soybean yields in dry years, as observed in 2016.

We conclude that more investigations on the benefits and risks of no-tillage cover-crop management
are needed before the technique can be recommended for the conditions tested in north-eastern Germany.
Future research needs to focus on maintaining high rye biomass, ensuring an early rye termination
and soybean planting date, optimizing the crimping and drilling equipment in order to develop good
management practices in no-tillage herbicide-free systems for European conditions.
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Abstract: In maize-based cropping systems, leaching of nitrate-nitrogen (NO3-N) to drainage tile
and groundwater is a significant problem. The purpose of this study was to assess whether a winter
rye cover crop planted after silage maize or soybean harvest and injected with liquid manure could
decrease soil NO3-N without reducing the yield of the following maize crop. An experiment was
conducted at 19 sites with predominant occurrence of Mollisols (15 out of 19 sites) in the upper
Midwest USA immediately after soybean or maize silage harvest to compare a drilled rye cover
crop and a non-cover crop control. Later in the fall, liquid swine or dairy manure was injected
into the cover crop and control plots. Rye was terminated the following spring using herbicide,
usually before reaching 20 to 25 cm in height, and incorporated with tillage at most sites, after which
maize was planted and harvested as silage or grain. Across sites, soil NO3-N at rye termination
was reduced by 36% (range = 4% to 67%) with rye compared to no rye. Nitrogen in aboveground
rye biomass at termination ranged from 5 to 114 kg N ha−1 (mean = 51 kg N ha−1). Across sites,
there was no significant difference in yield of maize silage or grain between treatments. These results
demonstrate in a Mollisol-dominated region the potential of a winter rye cover crop planted before
manure application to effectively reduce soil NO3-N without impacting yield of the following maize
crop, thereby reducing risk of negative environmental impacts.

Keywords: cover crop; manure; nitrate; nitrogen; cereal rye; maize

1. Introduction

Agricultural intensification over the past few decades has led to degradation of aquatic systems,
and the impact of downstream nutrient export from agricultural lands continues to be of concern.
Nitrate-nitrogen (NO3-N) is particularly troublesome as it leaches through the soil into subsurface
drainage or groundwater, which ultimately leads to surface waters. There are now over 400 aquatic
systems across the world experiencing hypoxia due to excess nutrients fueling algal blooms [1].

In the Midwest region of the United States, nutrient losses have been exacerbated by both
intensified crop and livestock production. This has led to a large hypoxic, or dead, zone forming
annually in the Gulf of Mexico [2,3]. In cropping systems, the use of commercial fertilizers along
with increased mineralization of nitrogen from drained soils is problematic [4–6]. Where animal
feeding operations have concentrated, the amount of manure often exceeds the nearby cropland
nutrient needs and manure is treated as more of a waste rather than a resource [7,8]. As an example,
the US Department of Agriculture’s (USDA) Agricultural Resource Management Survey found that
95% of manure applications to maize (Zea mays L.) acres did not follow national recommendations
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for application rate, timing, and placement [9]. In Minnesota, USA, where the headwaters of the
Mississippi River, which constitutes a major inflow to the Gulf of Mexico, are located, the 2-year
maize-soybean (Glycine max (L.) Merr.) rotation dominates the agricultural landscape, similar to most
places in the Midwest [10]. A survey of Minnesota growers found that those using manure applied
on average 25.6 kg per hectare more N than recommended for maize [11], and overapplications most
notably occurred where maize followed soybean [12].

In the upper Midwest USA, the cold climate adds further challenges to manure management. Due
the short growing season and increasingly wet springtime conditions [13], liquid swine (Sus scrofa L.)
and dairy cow (Bos taurus L.) manure are frequently applied in the fall prior to planting maize the
following spring. However, maize does not begin taking up substantial amounts of nitrogen (N)
until the mid-vegetative stages [14]. This creates risk of soil nitrate-nitrogen leaching below the
maize rooting zone, since most of the N in liquid swine manure and about one-half in liquid dairy
manure is ammonium [15], which is rapidly converted to NO3-N when the soil temperature in the
zone of application exceeds 10 ◦C [16]. This challenge is exacerbated when warm weather and excess
precipitation occur between manure application and maize N uptake [5,17,18], which are expected to
occur more frequently with climate change [19].

One strategy for managing excess N in soil between cash crops includes using cover crops to take
up N and release it following termination. It has been well established that grasses are particularly
effective at scavenging N and holding it in the biomass that is produced [20–24], although it is
questionable whether N release from the cover crop biomass will synchronize with maize uptake
the following growing season. Huntington et al. reported that in a no-till system, N release from
hairy vetch (Vicia villosa Roth) and rye (Secale cereale L.) was typically highest after the maize silking
stage and thus did not synchronize well with maize uptake [25]. Jahanzad et al. found that forage
radish (Raphanus sativus L.) and winter pea (Pisum sativum subsp. arvense L.) decomposed much more
quickly than rye and N release was more synchronized with early cash crop N demands, but they also
reported that rye had faster decomposition and N release when buried in the soil as opposed to being
left on the soil surface after being terminated [26]. In some cases, this lack of synchronization may
cause losses in maize yield [27], but on the other hand, many studies have reported minimal or even
positive impacts on yields following grass cover crops over the long term [28–31], particularly when
fertilization regimes were optimized [32].

Most studies have evaluated cover crops in systems utilizing commercial fertilizers, but few
studies have evaluated use with fall-applied manure. In Ontario Canada, fall cover crops of perennial
ryegrass (Lolium perenne L.), oat (Avena sativus L.), and red clover (Trifolium pratense L.) reduced residual
soil mineral N by 26% to 42% compared to no cover crop after fall-applied liquid swine manure, but
the following year maize grain yield was reduced by up to 15% [33]. In Iowa, USA, Singer et al. found
that a rye-oat mixture interseeded into soybean reduced soil NO3-N in the 0–30 cm depth during the
early growing season of maize without affecting maize grain yield after liquid swine manure was
injected into the growing cover crop the previous fall [34]. In Pennsylvania, USA, maize yields were
highest when manure was injected in late fall (November) into a rye cover crop compared with rye
being planted after an early application of manure in September, and furthermore, manure injected
into the cover crop resulted in better yields than when manure was simply broadcast onto the cover
crop [35]. These findings have practical implications for growers because it is counterintuitive to plant
a cover crop and then reduce biomass by injecting liquid manure into it.

While there have been some promising results when adding cover crops as a best management
practice for fall manure application, this practice has not been evaluated in a cold climate, i.e., the upper
Midwestern USA. It is unclear how results from other studies would transfer to this region when the
short growing season adds additional constraints. Furthermore, practical applications for growers
need to be considered because there has been little reported research conducted on working farms
with large scale equipment. To convince growers of the merit of this practice and to increase adoption
rates, more on-farm research is needed. The objective of this study was to assess whether a winter
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rye cover crop planted after silage maize or soybean harvest and injected with liquid swine or dairy
manure in the fall could decrease soil NO3-N without reducing yield of the following maize crop.

2. Materials and Methods

A field experiment was conducted across 15 on-farm and four research station sites in southern and
central Minnesota during the 2016 and 2017 maize growing seasons. A composite soil sample from the
0–15 cm depth was collected from each site prior to applying treatments and analyzed for phosphorus
(Olsen or Bray-1) [36,37], ammonium acetate extractable potassium [38], pH (1:1 soil:water) [39],
and organic matter (combustion) [40]. Soil classification, texture, and initial soil-test levels are in Table
S1. Soils were Mollisols with 27 to 83 g kg−1 organic matter in the 0–15 cm depth at 15 sites and Alfisols
with 30 to 52 g kg−1 organic matter in the 0–15 cm depth at four sites.

The two treatments were winter rye cover crop and no cover crop, replicated three times within a
randomized complete block design, and established immediately following maize silage or soybean
harvest the year prior to the main crop growing season. All agronomic practices other than cover
crop planting were consistent between treatments at all locations. At sites where the manure type
(Table 1) was swine, the prior crop was soybean, and where the manure type was dairy, the prior
crop was maize except for site 12 where it was soybean. Plots were equal to or greater in width than
the cooperating growers’ maize harvester, and were 4.6 to 6.7 m wide by 73.2 to 170.7 m long at the
on-farm sites, and 1.5 m wide by 12.2 m long at the research station sites (sites 3, 8, 13, and 19). Rye
was planted at 100 kg ha−1 by the cooperating growers using a grain drill. Rye was planted between
late September and early November (Table 1). Aboveground biomass of rye in the fall was limited,
especially with the later seeding dates, and therefore not measured.

Table 1. Dates of field operations, manure type, and maize harvest method at the 19 experimental sites.

Site
Rye Planting

Date
Manure

Type
Manure

Application Date
Rye Sampling

Date
Maize Planting

Date
Maize Harvest

Method

2015 2016

1 30 September dairy 20 November 26 April 6 May silage
2 26 September dairy 9 October 18 April 4 May silage
3 9 October dairy 12 November 15 April 3 May grain
4 25 September dairy 2 November 21 April 9 May silage
5 2 October swine 12 November 25 April 13 May grain
6 3 October swine 10 November 22 April 6 May grain
7 29 September swine 12 November 22 April 25 April grain
8 9 October swine 12 November 15 April 3 May grain
9 12 October swine 10 November 26 April 7 May grain

2016 2017

10 26 September dairy 10 November 20 April 13 May silage
11 24 October dairy 27 October 28 April 9 May silage
12 3 October dairy 2 November 8 May 6 May silage
13 26 October dairy 5 December 24 April 15 May grain
14 17 October dairy 6 October 9 May 10 May silage
15 7 October dairy 22 October 25 April 11 May silage
16 8 November swine 25 October 8 May 9 May grain
17 14 October swine 18 October 20 April 6 May grain
18 17 October swine 27 November 17 April 9 May grain
19 26 October swine 5 December 24 April 15 May grain

Liquid swine or dairy cow manure was injected into the soil of the cover crop and no cover
crop treatments two to six weeks after the winter rye was planted, at most sites. However, in 2016,
manure application occurred three to four days after rye planting at two sites, and 11 to 14 days before
planting at two sites (Table 1). Manure application equipment included disk closures without knives
(sites 6, 12), knives without terminal sweeps (sites 1, 2, 14), and knives with terminal sweeps narrower
than 30 cm (all other sites). Manure was placed approximately 8 to 10 cm deep with the disk closures
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alone and 13 to 20 cm deep with knives. The manure application rate at each site was determined
by the cooperating growers. A manure sample from each site was analyzed for total Kjeldahl N and
inorganic N following methods of Peters et al. [41] on a continuous flow gas diffusion and conductivity
cell analyzer (Timberline Instruments, Boulder, CO, USA). Total and inorganic N (NH4-N) in manure
and N from fertilizer are in Table 2. The forms, rates, and dates of application of mineral fertilizers
applied are in Table S2. At all sites but three (sites 3, 8, 13), manure was the principal N source. At the
three sites where it was not, manure had not been agitated and its N content was low (0.36–0.48 g L−1),
so fertilizer N applied in the spring after cover crop termination was the dominant N source.

Table 2. Total nitrogen (kg ha−1) applied, plant nitrogen (N) measured in the aboveground rye biomass
at termination and in the maize plants at harvest (silage or grain, plus dry stalks), and soil nitrate-N
(0–60 cm, mg kg−1) measured at cover crop termination.

Site
Total N Applied Plant N Uptake Soil NO3-N

Manure Fertilizer Rye Maize w/Rye w/o Rye

TKN * NH4-N w/Rye w/o Rye

kg ha−1 mg kg−1

2016 Maize Growing Season

1 256 222 0 95 (14.2) † 85 (5.8) 120 (5.9) 4 (0.8) 12 (1.3)
2 179 142 0 98 (19.2) 193 (15.8) 188 (11.2) 24 (2.3) 26 (3.0)
3 30 7 157 15 (1.2) 139 (13.7) 135 (19.4) 6 (0.6) 9 (0.3)
4 186 177 28 107 (1.5) 151 (4.1) 149 (2.5) 16 (1.3) 21 (5.0)
5 320 232 36 114 (11.2) 186 (4.9) 177 (12.5) 7 (1.5) 21 (3.0)
6 226 209 0 84 (2.9) 177 (14.9) 177 (12.8) 20 (1.2) 38 (2.8)
7 219 217 0 71 (6.0) 152 (18.2) 136 (2.5) 12 (1.4) 25 (2.5)
8 22 20 112 14 (0.3) 148 (11.7) 142 (8.9) 7 (0.3) 11 (0.4)
9 75 73 0 43 (4.0) 91 (6.6) 99 (1.8) 4 (0.3) 10 (1.5)

2017 Maize Growing Season

10 279 118 0 84 (4.2) 209 (5.2) 218 (6.2) 7 (1.8) 13 (1.5)
11 292 105 0 22 (2.8) 188 (7.4) 185 (15.6) 18 (2.2) 27 (0.8)
12 148 68 68 49 (0.3) 144 (1.5) 149 (3.5) 24 (3.0) 35 (4.4)
13 24 14 135 5 (0.3) 153 (9.2) 153 (6.0) 13 (1.5) 14 (1.2)
14 195 ‡ 68 54 (2.6) 144 (6.3) 170 (8.2) 9 (1.2) 15 (1.6)
15 374 169 35 25 (1.7) 166 (13.3) 167 (2.9) 27 (4.6) 28 (1.4)
16 226 137 86 5 (1.0) 156 (4.7) 165 (14.5) 23 (0.4) 35 (4.8)
17 140 100 0 65 (4.4) 141 (11.0) 144 (1.7) 10 (2.0) 20 (1.2)
18 186 127 67 8 (0.5) 174 (3.6) 163 (5.6) 44 (4.7) 64 (12.6)
19 206 153 0 5 (0.3) 181 (8.9) 180 (10.0) 22 (3.9) 56 (16.1)

Mean 49 (5.2) 157 (4.5) 159 (4.0) 16 (1.4) 25 (2.2)

Significance of difference with and without rye n.s. p < 0.001

* Total Kjeldahl nitrogen. † Standard error is shown within parentheses. ‡Not measured. n.s. = not significantly
different.

Spring cover crop termination was targeted to be prior to rye reaching a 25 cm height to ensure that
N uptake by rye did not reduce soil N below the level required by the subsequent maize crop during
the early growing season [42]. Rye was terminated by herbicide followed by full-width tillage at all
sites except three: at site 9, herbicide was followed by strip-tillage, and at sites 14 and 16, termination
was by full-width tillage only. Agronomic practices for cover crop termination were also applied to
plots of the no cover crop treatment at all sites. At rye termination, rye canopy height, plant density,
aboveground biomass, and N concentration, as well as soil NO3-N in the 0–60 cm layer, were measured.
The average height of the rye canopy at each site was recorded. At three or four random locations per
replication a 0.25 m2 quadrat was delineated, plants were counted and cut at the soil surface, combined,
weighed, subsampled, weighed, and then oven-dried at 60 ◦C until constant mass, weighed, ground to
pass a 1-mm sieve, and analyzed for Kjeldahl N. Depending on plot length, 8 to 12 soil cores were
randomly collected from the 0–60 cm depth in each plot, mixed, sub-sampled, oven-dried at 35 ◦C until
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constant mass, ground to pass a 2-mm sieve, and analyzed for NO3-N (KCl extraction and cadmium
reduction method) [43,44].

Maize was planted in 76-cm rows at 18 sites and in 56-cm rows at one site (site 16) and managed
by cooperating growers. Maize hybrids and planting rates varied among sites and were selected
by the cooperating growers. Some sites received supplemental N fertilizer at rates determined by
the growers (Table 2). Maize was harvested by the growers as silage at eight sites and as grain at
11 sites. Silage yield was measured by weighing the silage wagon before and after chopping each
plot. For each plot, a ~0.5-kg sample of the silage was weighed, oven-dried at 35 ◦C until constant
mass, reweighed, ground to pass a 2-mm sieve, and analyzed for Kjeldahl N. At sites where maize
was harvested for grain, grain yield was measured using a calibrated weigh wagon and samples were
taken for laboratory determination of moisture and Kjeldahl N. Silage and grain yields were calculated
at 650 and 155 mg kg−1 moisture content, respectively. Prior to machine harvest for grain, 20 plants
were randomly selected from each plot, cut at the soil surface, ears removed, stalks and husk weighed,
chopped, mixed, subsampled, weighed, oven-dried at 35 ◦C until constant mass, reweighed, ground to
pass a 2-mm sieve, and analyzed for Kjeldahl N.

Monthly precipitation and average air temperature for August 2015 through November 2017 were
collected from nine National Weather Service weather stations in Minnesota (Midwestern Regional
Climate Center, Champaign, IL, USA) and compared to the 30-year average (1981–2010). Stations were
chosen based on proximity to study sites and availability of 30-year data. To show the general trends
in weather patterns over the study, data were averaged across weather stations.

Data were analyzed at p ≤ 0.05 with JMP version 13 Pro (SAS Institute Inc., Cary, NC, USA)
using standard least squares (restricted maximum likelihood method, REML) and linear regression.
Treatment was considered a fixed effect and site and replication (nested within site), and site× treatment
were considered random effects. Site means for aboveground rye dry matter yield (DM) at termination
were regressed on rye planting day of the year and on canopy height. Nitrogen concentration in
aboveground rye was regressed on rye aboveground DM and rye height. Total rye N was regressed on
rye DM and rye N concentration. The difference in soil NO3-N between cover cropped and bare plots
was regressed on the number of days between rye planting and manure application. Rye plant density,
rye DM, concentration of N in aboveground rye, and total N in aboveground rye were analyzed by site.
An inspection of residuals indicated that the assumption of normality was met. Soil NO3-N (mg kg−1),
maize grain yield, stalk DM, silage yield, grain N (kg ha−1), stalk N, silage N, and total above ground
plant N were each analyzed for rye and no rye treatments separately across sites. Those variables
were analyzed individually across sites and treatments. Soil NO3-N was also analyzed for rye and no
rye treatments when maize was the forecrop versus soybean and also when swine manure was used
versus dairy. An inspection of residuals indicated that the assumption of normality was met.

3. Results

3.1. Weather

Monthly precipitation and air temperature data from this study are compared to the 30-year
average (1981–2010) in Figure 1. In 2015 when the cover crop was planted (September through October),
the weather tended to be warmer and drier than the 30-year average. This allowed for good field
conditions for harvest of the prior crop, and the cover crops were planted earlier than in 2016 (Table 1).
While temperatures were warmer than the 30-year average in the fall of 2016, harvest of the crop prior
to the cover crop was delayed in many fields due to excessively wet conditions, thus delaying planting
of the cover crop.
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Figure 1. Average monthly precipitation (cm) and temperature (◦C) during the study period compared
with the 30-year mean for the period from 1981 to 2010. Data were averaged across nine National
Weather Service weather stations in Minnesota.

Monthly average air temperature during winter (December through February) was normal or
warmer than normal in both years. Precipitation was above average in both years in December, but
near normal in January and February. On average, it was March when the 30-year temperature rose
above the 3.3 ◦C threshold needed for rye vegetative growth to resume in the spring [45]. In 2016,
it was warmer and wetter than usual, while in 2017 it was colder and drier than average. In April of
both years, there was similar air temperature but lower precipitation than the 30-year average.

The maize growing season in both years had near-average temperatures, though precipitation was
variable. In 2016, precipitation was above normal from May through October, with the exception of
June. During this period, precipitation was 18.2 cm more than the 30-year average. In 2017, June, July,
and September received below-normal precipitation while May, August, and October received more
than average. From May through October, precipitation was 8.9 cm more than the 30-year average.

3.2. Rye Biomass, Rye N Uptake, and Soil NO3-N

As indicated by spring biomass and density, recovery of rye following disturbance from manure
injection was variable across sites (Figure 2, Table 3). The least disturbance occurred with smaller knives,
with or without terminal sweeps. At most sites rye was terminated with herbicide and incorporated
with tillage. Rye height at termination ranged from 5 to 30 cm among sites and was 25 to 30 cm at
five sites (Table 3).

Aboveground rye DM at termination ranged from 102 to 3220 kg ha−1. On average, rye growth
was significantly greater (p < 0.001) in the 2016 maize growing season than in 2017 (mean of 1795
and 813 kg DM ha−1, respectively), perhaps because rye planting dates were earlier in 2015. Rye DM
at termination was greater when rye was planted earlier (Figure 3). Across sites, aboveground DM
declined by 413 kg ha−1 with each one-week delay in rye planting. There was a significant positive
linear relationship between rye DM (kg ha−1) and height (cm) at termination (y = −444 + 99.88 × x,
R2 = 0.76, p < 0.001). At termination, N concentration in aboveground DM ranged from 29 to 53 g kg−1

and was not linearly related to rye aboveground DM (R2 = 0.001, p = 0.883), total rye biomass N
(R2 = 0.28, p = 0.490), or rye height (R2 = 0.008, p = 0.712). Total N uptake was primarily determined
by rye DM (y = 2.25 + 0.038 × x, R2 = 0.92, p < 0.001) and ranged from 5 to 114 kg ha−1 (Table 2).
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(c) 

Figure 2. An example of rye recovery after manure injection at site 4. Rye is shown at (a) manure
injection in fall 2015, (b) two weeks after manure injection in fall 2015, and (c) at the time of termination
in the spring of 2016.
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Table 3. Rye aboveground biomass dry matter (DM), height, and density at termination.

Site Biomass DM Height * Density

kg ha−1 cm Plants m−2

2016 Maize Growing Season

1 3220 (572) † 30 116 (9)
2 1925 (224) 18 114 (5)
3 408 (34) 13 120 (8)
4 2526 (55) 25 128 (7)
5 2622 (301) 30 138 (7)
6 2002 (43) 28 74 (4)
7 1853 (160) 28 71 (6)
8 445 (10) 10 120 (7)
9 1153 (61) 23 84 (3)

2017 Maize Growing Season

10 2141 (213) 15 160 (7)
11 590 (43) 10 107 (1)
12 1160 (27) 15 67 (7)
13 160 (5) 8 122 (6)
14 1760 (203) 20 178 (6)
15 609 (33) 20 79 (5)
16 102 (18) 5 51 (1)
17 1300 (92) 15 181 (2)
18 151 (5) 8 76 (9)
19 160 (10) 8 104 (4)

* Only one average measurement of height was made per site. † Standard error is shown within parentheses.

Figure 3. Aboveground rye biomass dry matter (DM) at termination in relation to rye planting date.

Across trials, the rye cover crop significantly reduced soil NO3-N in the 0–60 cm layer at rye
termination compared to no rye (Table 2, p < 0.001 for treatments, p = 0.008 for sites, p = 0.159 for
treatment x site interaction). There were no differences within cover crop and no cover crop treatments
when maize was the previous crop versus soybean (p = 0.494 and 0.056, respectively), nor when dairy
manure was used versus swine manure (p = 0.748 and 0.113, respectively). There was not a significant
linear relationship between rye biomass and soil NO3-N. The amount of N supplied by manure the
previous fall varied considerably among sites (Table 2) so the amount of NO3-N available for uptake by
the rye would have varied also. The amount of N taken up by the rye was not related to the difference
between soil NO3-N in the rye and no-rye treatment in each trial. When the difference in soil NO3-N
between cover cropped and bare plots was regressed on the number of days between rye planting and
manure application, no significant relationship was found (r = 0.204, p = 0.402).
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3.3. Maize Silage and Grain Yields

Across sites, maize silage and grain yields were not significantly influenced by cover cropping
(p = 0.252 and p = 0.422, Tables 4 and 5). Similarly, there was no significant difference in maize N
recovery in aboveground biomass with a winter rye cover crop compared to no cover crop (p = 0.412,
Table 2).

Table 4. Maize silage yield (Mg ha−1 at 650 g kg−1 moisture) in plots following rye and no rye.

Site No.
Silage Yield

w/rye w/o rye

Mg ha−1

1 34.3 (0.7) * 39.8 (0.5)
2 59.1 (2.6) 57.9 (3.7)
4 48.1 (0.9) 46.5 (2.5)

10 46.5 (1.2) 49.8 (1.9)
11 43.6 (3.0) 43.4 (4.6)
12 39.0 (0.9) 41.5 (1.5)
14 48.6 (2.5) 48.6 (0.0)
15 48.1 (0.9) 48.4 (1.2)

Mean 45.7 (1.6) 46.9 (1.4)

Significance of difference with and without rye n.s.

* Standard error is shown within parentheses. n.s. = not significantly different.

Table 5. Maize grain yield (Mg ha−1 at 155 g kg−1 moisture) and stalk dry matter in plots following rye
and no rye.

Site No.
Maize Grain Yield Maize Stalk Dry Matter

w/rye w/o rye w/rye w/o rye

Mg ha−1

3 11.3 (0.6) * 11.1 (1.3) 5.5 (0.4) 5.7 (0.3)
5 12.4 (0.1) 11.8 (0.2) 8.4 (0.3) 7.9 (0.3)
6 14.0 (0.6) 14.5 (0.4) 8.7 (0.1) 8.0 (0.3)
7 13.8 (0.0) 14.1 (0.1) 7.2 (0.5) 6.6 (0.2)
8 12.9 (0.9) 13.1 (0.6) 6.5 (0.5) 7.0 (0.5)
9 10.0 (0.3) 10.5 (0.2) 5.1 (0.4) 6.1 (0.2)

13 12.6 (0.5) 13.3 (0.3) 7.5 (0.4) 7.2 (0.2)
16 10.2 (0.1) 10.3 (0.3) 7.2 (0.3) 8.0 (0.1)
17 11.7 (0.1) 12.5 (0.1) 7.9 (0.3) 7.9 (0.1)
18 14.4 (0.3) 13.7 (0.4) 7.5 (0.4) 7.3 (0.2)
19 13.8 (0.5) 13.8 (0.4) 7.7 (0.2) 7.6 (0.2)

Mean 12.5 (0.3) 12.6 (0.3) 7.2 (0.2) 7.2 (0.1)

Significance of difference with and without rye n.s. n.s.

* Standard error is shown within parentheses. n.s. = not significantly different.

4. Discussion

A winter rye cover crop was established in 2015 and 2016 across 19 trials in southern and central
Minnesota using drill-seeding after maize silage or soybean harvest. In both years, rye recovered
after fall liquid manure injection; however, wide disk coverers that disturbed or covered most of the
soil surface (sites 6 and 12) were associated with low rye density at termination. Singer et al. found
that although manure injection reduced rye density in the disturbed zone when using 5.1-cm-wide
chisel shanks, the rye biomass the following spring had fully recovered compared to the no-manure
check [34]. Similarly, Milliron et al. reported that rye with manure injected with shallow disk injectors

199



Agronomy 2019, 9, 852

produced similar amounts of aboveground DM as when manure was applied prior to seeding the rye
cover crop [35]. This illustrates the importance of using appropriate equipment that minimizes surface
disturbance to reduce damage to a cover crop stand.

Rye establishment was more challenging in 2016 than in 2015 due to wide-spread precipitation
which delayed harvest of the prior crop, indicating that post-harvest establishment of rye may not be
successful in some years. An analysis of weather patterns in the upper Midwest USA by Strock et al.
suggested that successful establishment post-harvest may only occur 25% of the time [46], although the
paper only considered “successful” establishment to be the year when 2700 kg ha−1 of aboveground
rye biomass was produced. Only one site of 19 in the current study reported greater than this amount.
Others in the region have reported lower amounts of aboveground DM production that likely reflect
more realistic production goals. For example, rye DM production ranged from 147 to 489 kg ha−1 by
May 1 in southern Minnesota, USA [47]. In southwestern Minnesota, USA, Krueger et al. reported 680
to 872 kg ha−1 of rye DM produced by late April [48]. In northwestern Iowa, USA, 1480 to 2740 kg ha−1

of rye DM was produced by mid- to late-April when rye was drilled after harvest of the previous
crop [49]. None of these researchers injected manure into the cover crop, potentially damaging the
stand, however. In the current study which included manure injection, rye DM production tended to
be similar to or higher than values in the literature in Minnesota, USA, and similar to those reported in
Iowa, USA, which is further south and has a slightly warmer climate. This suggests the manure was
beneficial for growth, despite possible damage to the rye stand during manure application.

One of the main goals of using a grass species for a cover crop is to capture nutrients that might
otherwise be lost over the non-growing season. In this study, winter rye was successful in this regard.
Not only did it hold N in the aboveground DM, differences were also found in spring soil N levels
between the cover cropped and non-cover cropped treatments. Generally speaking, N uptake by the
cover crop was related to DM production, which has been found in other studies as well [50,51]. This
led to a wide range of total N uptake, from 4 to 114 kg N ha−1, across the 19 sites. This variability is not
uncommon in other cover crop studies. Rye N uptake ranged from 9 to 60 kg N ha−1 in Nebraska [52],
11 to 26 kg N ha−1 in Iowa [53], and 18.8 to 34.2 kg N ha−1 in Minnesota [48]. Nitrogen taken up by the
rye is less likely to be lost through agricultural sub-surface drainage or by leaching from the soil [22,46].
Rye reduced soil NO3-N in the 0–60 cm depth at the time of rye termination in the spring by an
average of 36% across all 19 sites. There was considerable variability in the level of soil NO3-N among
sites (p = 0.008 for sites), however. Similarly, Krueger et al. found that soil nitrate was reduced by
approximately 35% with a rye cover crop compared with the no-cover control in Minnesota, USA [48].
Cambardella et al. found a slightly higher reduction of 41% in Iowa, USA, which has a warmer climate,
with a rye/oat mix [54]. In the current study, variability across sites was likely due to differences in
rye biomass production as well as site-specific weather and soil conditions. For example, higher than
expected soil NO3-N concentration (based on the amount of N applied) in both cover cropped and
bare plots may have been due to fall and spring mineralization of N from manure and soil organic
matter. Where soil NO3-N concentration was lower than expected, there are two possible scenarios.
Nitrogen in the ammonium form had not yet mineralized to NO3-N or the NO3-N was leached or
denitrified during wet fall and/or spring conditions and lost.

Across sites, maize grain and silage yields were not affected by cover cropping. This may have
been due to N supply exceeding the N requirements of maize throughout its growth cycle, as maize
aboveground N uptake with a winter rye cover crop was not significantly different from that with no
cover crop. In addition to N supply from manure (and fertilizer at 10 of 19 sites), a large amount of N
was likely supplied by soil N mineralization. Soils at 15 of 19 sites were Mollisols, which have high
N mineralization capacity compared to other soil orders [55], and soil organic matter was relatively
high (42 to 83 g kg−1 in the 0–15 cm soil layer) at 15 of 19 sites and moderate (27 to 32 g kg−1 in
the 0–15 cm soil layer) at the remaining sites. It is the general trend in most cover cropping studies
that yields of the following crop are positively or minimally impacted [31,46,56–58], but others have
found negative impacts on yield dependent on management technique. For example, Acharya et
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al. suggested that the timing of when the cover crop is killed may influence plant disease and stand
establishment of the following crop [59]. Crandall et al. found that when termination was delayed
to a week prior to planting maize and fertilizer application was delayed until the V6 growth stage,
maize yield was decreased [42]. Other studies have suggested that there may be an alleopathic effect
of rye [60,61]. Few studies have evaluated the impact of integrating fall-applied manure with cover
crops on the following maize. Krueger et al. found that in a system with fall-applied dairy manure, rye
terminated a few days prior to planting maize for silage reduced yields compared with rye terminated
approximately three to four weeks earlier [48]. Thilakarathna et al. reported that in a fall-applied swine
manure system, non-legume cover crops did not impact maize yields, although cereal rye was not
evaluated [33]. In the current study, the cover crop was terminated at or before reaching 25 cm height
and 2.5 Mg ha−1 dry matter at most sites, and then incorporated into the soil. Tillage incorporation of
the cover crop may have facilitated N mineralization for the following crop [26,62] since different cover
crop termination methods and timing may affect N availability for and performance of the subsequent
maize crop [42,59]. It is also possible that mineralization of organically bound N from the manure
offset immobilization of N by the rye cover crop early in the growing season. More research is needed
to understand the dynamics of nutrient release from cover crops in a manured system.

5. Conclusions

In these 19 trials conducted in the upper Midwest USA, 15 of which were carried out by commercial
growers with their own equipment and management, a rye cover crop was successfully established by
drill-seeding following harvest of maize for silage or soybean. Although aboveground fall biomass
was limited both by the short growth period prior to freezing and by disturbance from the manure
injection equipment, spring growth was sufficient to result in significant N uptake. This study was
conducted at sites with predominant occurrence of Mollisols and relatively high soil organic matter
levels, hence high soil N mineralization capacity. This, coupled with termination of the rye prior to
the reproductive stage by herbicide and tillage and subsequent release of N, may have been partially
responsible for the lack of yield reduction of the maize crop following rye compared to no rye. While
removing N from exposure to leaching, as demonstrated in these trials as well as in earlier trials in
Minnesota, USA [46], Iowa, USA [54] and Illinois, USA [57], the rye cover crop can also reduce soil
erosion following the low residue crops of maize harvested for silage and soybean [63,64], an increasing
threat as a changing climate in the Upper Midwest results in more intense rainstorms [65]. Reduced
nitrate loss to groundwater and surface water and reduced soil erosion, increase the sustainability
and reduce the environmental impact of the production system. Future research should focus on
understanding the dynamics of nutrient release from grass legumes in a manured system.
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Abstract: Faba bean (Vicia faba Roth) and pea (Pisum sativum L.) are grown worldwide as protein
sources for food and feed and can be used as cover crops after wheat (Triticum aestivum L.). However,
faba bean is underutilized in upper Midwest farming systems. This study was conducted to determine
how faba bean relates to pea as a forage, cover crop, and in cycling of nutrients to maize (Zea mays L.)
in the following season. Five faba bean cultivars and two pea cultivars, a forage pea and a field pea,
were established after wheat harvest in North Dakota, in 2017 and 2018. Faba bean and pea cultivars
averaged 1.3 Mg ha−1 of biomass, enough to support 1.5 animal unit month (AUM) ha−1 for a 450 kg
cow (Bos taurus L.) with calf, at 50% harvest efficiency. Crude protein content was highest in faba bean
cv. Boxer (304 g kg−1), with faba bean cv. Laura and forage pea cv. Arvika having similar content, and
field pea having the least (264 g kg−1). Cover crop treatments did not affect maize in the following
year, indicating no nutrient cycling from faba bean and pea to maize. Both cover crop species tested
provided high protein forage, suitable for late grazing, with a more fibrous crop residue. Faba bean
has potential as a cover crop in the upper Midwest while providing greater quality forage than pea.

Keywords: faba bean; forage pea; fall grazing; cover crop; catch crop; nutrient cycling

1. Introduction

The Natural Resources Conservation Service (NRCS) defines cover crops as grasses, legumes,
and forbs sown for seasonal vegetative cover [1]. Cover crops may be established between successive
production crops, companion-sown, or relay-sown into production crops. Species and sowing dates
that will not compete with the production crop yield or harvest may be used. According to the
NRCS [1], cover crops may be used to reduce water and wind erosion, maintain or increase soil
health and organic matter, increase water quality, suppress weeds and break pest cycles, enhance
soil water conservation, and minimize soil compaction. Cover crops may be grazed as long as the
conservation purposes are not compromised. Different species of cover crops are also often sown
together in mixtures to fulfill multiple purposes at the same time [1].

Cover crops are gaining popularity throughout the USA, rising from 4 million ha in 2012 to
6 million ha in 2017 [2]. North Dakota’s cover crop acreage increased 89%, from 86,500 ha in 2012 to
163,600 ha in 2017 [2]. The use of cover crops is an important addition to upper Midwest farming
systems in order to rebuild soil and reduce soil erosion [3].

One important use of legume cover crops is fall grazing, which can complement crop residue
grazing. For cattle, crop residue grazing in the fall saves stored forage resources for winter feeding.
In beef cattle production, feed is the most expensive part of the operation [4]. Wheat harvested in
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August leaves ample time for grazing of residue, and cover crop growth throughout the fall and into
winter. Distributing cattle to graze, and effectively reducing the manure concentration in an area, could
help ensure cattle health by reducing the spread of disease, along with reducing the need for manure
management [5].

Pea is used for grazing and hay in mixtures with barley (Hordeum vulgare L.) or oat (Avena sativa L.)
in the upper Midwest. Pea alone yields less than 2 Mg ha−1, which can increase to 5.7 Mg ha−1 when
mixed with oat or forage barley [6]. Although differences in crude protein (CP) and biomass are not
always seen when comparing forage and semi-leafless pea [7,8], depending on cultivar, forage pea can
achieve greater biomass and crude protein yield than semi-leafless pea [9]. According to Anderson
and Ilse [6], freshly weaned calves preferred pea and pea-barley hay to grass hay. Calves on pea and
pea-barley hay, respectively, gained 304 g d−1 and 240 g d−1 more than calves on rations with grass hay
alone, making pea hay 230% greater in value than the grass hay [6]. Due to the high CP content of some
legumes leading to possible digestion issues, Amiri and Shariff [10] concluded that a combination of
legume and grass species is safe a way to provide the needed feeding and protein requirements of
grazing livestock.

Faba bean is not common in the upper Midwest, compared with other countries, where it is
usually used in mixtures with oat, triticale (Triticosecale x Witt.), or barley [11–14]. Forage yield of
oat-faba bean and triticale-faba bean mixtures fluctuated between 10 and 22 Mg ha−1 and total CP
yield ranged between 1.0 and 3.3 Mg ha−1 in studies conducted in Greece [11,12]. In Canada, a faba
bean–barley mixture had greater CP than a barley and barley–pea mixture [13], and silage maize–faba
bean than maize [14]. Furthermore, faba bean silage had the highest CP content (220 g kg−1) compared
with pea (178 g kg−1), and soybean [Glycine max (L.) Merr.] (197 g kg−1) [15]. Lambs (Ovis aries L.)
grazing on faba bean grew significantly faster (220 g head−1 day−1) than lambs grazing on field pea
(186 g d−1) [16].

There are significant differences in both biomass quantity and quality between faba bean cultivars.
Wegi et al. [17] found biomass production between five cultivars ranged from 3.3 to 5.1 Mg ha−1.
When comparing faba bean with forage pea, Iglesias and Lloveras [18] found that faba bean produced
more biomass at pod fill than at initial flowering, but pea produced more biomass than most other
cool-season legumes at earlier stages of development. Wichmann et al. [19] also found that pea had
faster biomass accumulation than faba bean or blue lupin (Lupinus angustifolius L.).

Faba bean is grown as a winter annual in warm, temperate and subtropical areas. The hardiest
European cultivars are able to tolerate temperatures down to -15 ◦C in vegetative stage without serious
injury, but optimum temperatures for production are typically from 18 to 27 ◦C [20]. Field pea grown
in the upper Midwest have shown ability to grow at temperatures down to -3 ◦C [21]. When compared
with field pea, faba bean had slightly less winter-kill.

Faba bean has the highest reliance on N2 fixation for growth in comparison with other cool-season
legumes, such as pea and lupin, which leads to high N credit for the following crops [22–24]. Faba
bean has been shown to attain high amounts of N derived from the atmosphere (Ndfa), ranging
between 75% and 90% of its total shoot N [22–24], whereas pea Ndfa ranged between 50% and
70% [20,23,24]. Jensen et al. [20] reported that, on a global average, faba bean fixes 154 kg N ha−1

and pea fixes 86 kg N ha−1. In addition, annual legumes can reduce NO3-N leaching by scavenging
residual soil NO3-N, with shoot uptake values ranging from 92 to 276 kg N ha−1 for faba bean [20] and
104 kg N ha−1 for pea [23].

The possible legume benefits to the following crop are well known, but the data are inconsistent.
Stevenson and van Kessell [25] concluded that wheat yield consistently was 43% greater when
preceded by pea compared with wheat, with up to 14 of the extra 27 kg N ha−1 (Ndfa -total N content)
accumulated in the wheat attributed to fixed N2 from the pea and the rest to non-N-related benefits.
Beckie et al. [26] had similar results, finding that the benefit of pea residue to the following crop was
25 kg N ha−1, whereas Lupwayi and Soon [27] found that only 7.5 kg N ha−1 was released by pea
residue to the subsequent crop. Faba bean was the only crop with a positive N balance after harvest
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when compared with lupin, pea, and oat [23], indicating it would be the only one providing soil
mineral N to following crops [23]. Cupina et al. [28] found that field pea contributed 165 kg N ha−1 to
the following crop after it was used as a cover crop over a mild winter. Couedel et al. [29] found that
legume cover crops grown in the fall provided 35 to 54 kg N ha−1 as green manure to the following
crop. These differences can be attributed to differences in soil type, moisture content, management,
weather, especially rainfall, and how these factors affect the mineralization of plant tissue [20,27].

The North Dakota State University Extension [30] has evaluated faba bean as grain for food,
however, very limited information and research has been done on faba bean as a cover crop and forage
for grazing. In 2017, 3367 ha of faba bean for grain were reported in North Dakota [31]. Preliminary
studies in North Dakota indicate that faba bean produces up to 680 kg of biomass yield with high
crude protein and high digestibility for ruminants when sown in August after wheat in the northern
Great Plains [3]. Faba bean has the potential to become an important cover crop in wheat-based or
maize–soybean-based cropping systems.

The aim of this study was to evaluate forage yield and quality, and the effect on the following
spring crop, along with other legume cover crop advantages of faba bean grown in the fall after wheat
harvest compared with field and forage pea. This information could be used to provide information
on fall cover crop use, late-season grazing opportunity, and the effects of late-season legume cover
crops on soil NO3–N in the fall and spring before maize sowing.

2. Materials and Methods

2.1. Field Establishment and Experimental Design

Experiments were conducted in 2017 and 2018 at two North Dakota State University (NDSU)
research locations at Prosper, ND (−97◦1143′ W, 46◦9997′ N; 281 m elevation), and Hickson, ND
(−96◦8259′ W, 46◦6335′ N; 281 m elevation). Location–year combinations will be referred to as
environments henceforward. The soil type in Prosper is a Kindred–Bearden silty clay loam (Fine-silty,
mixed, superactive frigid Typic Endoaquolls; Bearden: Fine-silty, mixed, superactive, frigid Aeric
Calciaquolls), and the soil type in Hickson is a Hagne–Fargo silty clay loam (Hagne: Fine, smectitic,
frigid Typic Calciaquerts; Fargo: Fine, smectitic, frigid Typic Epiaquerts) [32] Daily temperature and
rainfall were monitored by the North Dakota Agricultural Weather Network (NDAWN) stations nearest
to each experimental site.

The experimental design was a randomized complete-block design with four replicates, sown at
two environments in August of 2017 and 2018 after the harvest of ‘Glenn’ cv. wheat. Wheat was grown
during the season and cover crops were sown after wheat harvest. Wheat was drilled using a Great
Plains 15-cm row spacing planter (Great Plains, Salinas, KS, USA) at 4,450,000 pure live seeds (PLS)
ha−1 on 25 April 2017 and 2 May 2018 in Hickson, and on 20 April 2017 and 15 May 2018 in Prosper.
Wheat in Hickson was fertilized with 88 kg N ha−1 and 24 kg P2O5 ha−1 both years, and Prosper was
fertilized with 90 kg N ha−1 of N and 17 kg P2O5 ha−1 both years. Wheat was harvested on 8 August
2017 and 9 August 2018 in Hickson, and on 5 August 2017 and 8 August 2018 in Prosper. Cover crop
treatments included five faba bean cultivars (Fanfare, Boxer, Laura, Snowdrop, and Tabasco), two pea
cultivars (Arvika forage pea and Nette semi-leafless field pea), and one control plot without cover crop.
After wheat harvest, a leaf blower (BR 200, Stihl, Waiblingen, Germany) was used to clear extra wheat
stover from the plots to ensure an even sowing depth of 4 cm. All seeds were treated with inoculant
(Penicillium bilaiae, Rhizobium leguminosarum) (TagTeam, Monsanto Company, St. Louis, MO, USA)
at 6.1 kg ha−1 shortly before sowing. Cover crops were directly (no-till) sown with a plot drill (XL
Plot seeder, Wintersteiger, Austria) into the wheat stubble on 22 August 2017 and 13 August 2018 in
Hickson, and on 14 August 2017 and 16 August 2018 in Prosper (Table 1).

Each experimental unit had eight cover crop rows 15-cm apart and was 7.6-m in length. Prior to
sowing, cover crop cultivars were tested for germination to calculate pure live seed (PLS). Cover crops
were sown at 150,000 PLS ha−1 and 67 kg ha−1 PLS for faba bean and pea, respectively. Seeding rates
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were set at 75% of the recommended seeding rates for field production, as farmers using them for a
cover crop would reduce sowing rates to save money. For faba bean, seeds for each plot were counted
because of the variability in seed size among cultivars (Table 2). No herbicides or fertilizers were used
on the cover crops, with the exception of a burndown application of glyphosate (N-(phosphonomethyl)
glycine) (1.4 kg a.i. ha−1) to kill volunteer wheat before cover crop sowing.

Table 1. Sowing and harvest of cover crops and weather data for each location and year (environment).

Environment
Sowing

Date
Biomass
Harvest

Total
Rainfall †

Average
Temp

Coldest
Temp

Coldest Temp
Date

GDD ‡

mm ◦C ◦C
Hickson 2017 22 August 26 October 81 14 −4 10 October 440
Hickson 2018 13 August 15 October 176 13 −7 11 October 436
Prosper 2017 14 August 25 October 161 14 −4 10 October 526
Prosper 2018 16 August 16 October 201 12 −11 12 October 409
† Total rainfall, temperature (temp), and growing degree days (GDD) measured from cover crop sowing to biomass
harvest dates at each environment (mid-late August to mid-late October). ‡ Growing degree days calculated with
7 ◦C as the base temperature.

Table 2. Seed weight and sowing rate of cover crop cultivars sown after wheat harvest in Prosper and
Hickson, ND, in 2017 and 2018.

Crop Cultivar
100-Seed Weight Sowing Rate

g PLS ha−1

Faba bean Fanfare 60.65 150,000
Boxer 57.43 150,000
Laura 57.73 150,000

Snowdrop 35.28 150,000
Tabasco 47.25 150,000

Field pea Nette 19.17 350,000

Forage pea Arvika 15.79 424,000

The following spring, maize was sown on the experiments. Peterson Farm Seed 75K85 VT2PRO
(85-day maturity) maize was sown in 56-cm rows at a population of 79,262 plants ha−1 (MaxEmerge XP,
John Deere, Moline, IL, USA) on 10 May 2018 in Hickson and 15 May 2018 in Prosper on the previous
year’s cover crops’ plots. Each experimental unit was the same as the cover crop plots, consisting of
three 56-cm maize rows 7.6-m in length. Maize was left unfertilized to allow for the determination of
the difference in mineralization and release of N from the winter-killed cover crop biomass.

2.2. Plant Sampling and Analysis

Cover crop stand was recorded by counting emerged plants in 1-m2 in each plot two weeks after
emergence. The percent area of ground coverage for all cover crops was determined before the first
killing frost with the Canopeo© application (Canopeo, Oklahoma State University, Stillwater, OK,
USA) with pictures taken from 1-m above the canopy. Pictures were taken on 30 October 2017 in
Prosper and 2 October 2018 in both Hickson and Prosper in 2018.

Shortly before the first expected killing frost, biomass samples were collected by clipping all
aboveground biomass 0.2-m2 from each cover crop plot. This was done on 26 October 2017 and 15
October 2018 in Hickson, and 25 October 2017 and 16 October 2018 in Prosper (Figure 1). The carrying
capacity of cover crop biomass was calculated assuming 50% harvest efficiency using the NDSU
Grazing Calculator Application (NDSU Grazing Calculator, North Dakota State University, Fargo, ND,
USA). The leaves and stems of the collected plants were separated, dried at 70 ◦C until constant weight,
and weighed to determine dry weight and leaf to stem ratio. For this ratio calculation, tendrils on
the pea plants were counted as stems and stipules were counted as leaves. The leaf:stem ratio was
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calculated this way because tendril composition is more similar to stem than leaf, while stipules are
similar to leaves. After this was calculated, dried samples were ground to pass through a 1-mm sieve
with a mill (E3703.00, Eberbach Corporation, Bellville, MI, USA). Ground cover crop samples were
analyzed using near-infrared reflectance spectroscopy (NIRS) with an XDS analyzer (Foss, Denmark)
for N, P, and ash. Biomass N accumulation was calculated by multiplying the dry matter biomass yield
by the total N content.

Maize was harvested on 24 October 2018 in Hickson and 18 October 2018 in Prosper (HP 5
combine, Almaco, Nevada, IA, USA). A 7.6-m row from the center of each plot was harvested for grain
yield. A 56-cm row maize harvester was not available, so cobs were removed by hand and placed into
the 76-cm row maize harvester. Grain from each plot was tested for water content and test weight
(Mini GAC 2500, Dickey-John, Auburn, IL, USA). Before this, maize biomass yield was determined by
cutting and weighing 1-m of maize row, 10-cm above the ground. After recording weights, plants were
harvested for grain, but two were saved from each plot to determine harvest index. The two maize
plants were dried at 70 ◦C until constant weight. Maize cobs were separated by hand and shelled
(SCS-2, Agriculex, ON, Canada). Dry grain and stover were weighed separately. Harvest index was
calculated using the equation

Harvest index =
dry grain weight

total biomass weight
× 100

2.3. Soil Sampling and Analysis

Soil samples were taken at 0- to 15-cm and 0- to 60-cm across each replicate after wheat harvest.
Wheat residue was removed from the surface before taking the sample (Table 3). Soil samples taken
at the 0- to 15-cm depth were tested for soil pH, organic matter, P [33], and K with the ammonium
acetate method [34], with a Buck Scientific Model 210 VGP Atomic Absorption Spectrophotometer
(Buck Scientific, East Norwalk, CT, USA). Soil samples taken from 0- to 60-cm depth were analyzed
for NO3–N using the Vendrell and Zupancic [35] method. Soil samples were taken on 29 August in
Hickson and 21 August in Prosper in 2017, and on 17 August in Hickson and 7 September in Prosper
in 2018.

Soil samples were collected from each experimental unit after cover crop death in late fall on
3 November in both Hickson and Prosper in 2017, and 13 November in Hickson and 6 November
in Prosper in 2018 (Figure 1). These soil samples were analyzed for NO3–N, from 0- to 60-cm depth.
The difference between the soil NO3–N in the sample after wheat harvest and soil NO3–N after cover
crop harvest was considered as the change in NO3–N.

Table 3. Soil sample results taken after wheat harvest and before cover crop sowing at each environment.

Environment pH † Organic Matter Phosphorus Potassium NO3-N ‡

g kg−1 mg kg−1 kg ha−1

Hickson 2017 7.6 55 12 310 54.8
Hickson 2018 7.5 52 10 337 21.3
Prosper 2017 7.4 36 25 234 93.8
Prosper 2018 7.3 42 28 185 12.5

† pH, organic matter, P, and K, all sampled from 0–15 cm depth. ‡ NO3–N sampled from 0–60 cm depth.
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Figure 1. General timeline of sowing and harvesting of various crops and soil sampling throughout
the experiment.

Soil samples were taken from each maize plot in the spring following cover crops at 0–60 cm and
analyzed for NO3-N on 8 June 2018 in both environments. In addition, soil samples were taken from
each experimental unit at 0–60 cm and analyzed for NO3-N after maize harvest on 13 November in
Hickson and 6 November in Prosper in 2018. The difference between these spring and post-harvest
soil NO3–N samples in each plot was considered the change in NO3–N. All evaluations were recorded
for each plot of each replicate in all four environments.

2.4. Statistical Analysis

Statistical analysis was conducted using standard procedures for a randomized complete-block
design. Biomass yield and forage quality data was analyzed using analysis of variance with the GLM
procedure of SAS [36] Each location–year was analyzed separately and tested for homogeneity of
variances before combining them. Each location–year combination was considered an environment
and a random effect, while cover crops and grain crops were considered fixed effects in the analysis. All
interactions of fixed effects with the environment were considered random in the analysis. The mean
separation test was an F-protected least significant differences (LSD) (p ≤ 0.05).

3. Results and Discussion

3.1. Weather

Both 2017 locations received less rainfall than the 30-yr average throughout the growing season
except the month of September (Table 4). Hickson received 94 mm less rainfall than the 30-yr average
in late summer and fall from July through October, and Prosper received 21 mm less rainfall than the
30-yr average from July through October (Table 4). Prosper 2017 received 86 mm more rainfall than the
30-yr average in September, relieving some possible water deficiency that had built up throughout
the growing season. Hickson, in 2017, received only 6 mm more rainfall than average in September,
making its total rainfall below average, much greater than Prosper 2017. Despite low rainfall, both
locations had average temperatures throughout the growing season.

Both 2018 locations also started the growing season with drier-than-average rainfall. Hickson in
2018 received slightly above average rainfall in June through August, whereas Prosper 2018 received
below average rainfall until August, where it received 12 mm above average, followed by 5 mm above
average in both September and October. Along with a dry spring, both 2018 environments were 6 ◦C
below average throughout April. In May and June, both environments had slightly above average
temperatures, followed by slightly below average temperatures for the rest of the season.
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Table 4. Total monthly rainfall, temperature, and difference from the 30-yr average for four environments
at Hickson and Prosper, ND, USA, in 2017 and 2018.

Environment Month

Rainfall Temperature

Total ±30 yr † Max Min Avg ±30 yr

mm ◦C
Hickson July 37 ‡ −46 29 14 21 0

2017 August 50 −13 25 12 18 −2
September 69 6 22 9 15 0

October 12 −41 15 0 8 0

Hickson April 2 −37 6 −5 1 −6
2018 May 22 −55 25 9 17 +3

June 95 2 27 14 21 +2
July 107 25 27 14 21 −1

August 96 33 26 12 19 −1
September 39 −25 21 7 14 −1

October 46 −7 10 −2 4 −4

Prosper July 50 −38 28 14 21 0
2017 August 53 −14 25 11 18 −2

September 152 86 22 8 15 0
October 7 −55 15 0 8 0

Prosper April 4 −33 6 −6 0 −6
2018 May 54 −24 25 9 17 +3

June 79 −21 27 14 20 +2
July 65 −23 27 14 20 −1

August 79 12 27 12 19 −1
September 71 5 21 7 14 −1

October 67 5 9 −1 4 −3
† 30 y average temperatures based on 1981–2010 long-term averages from NDAWN. ‡ Weather data obtained from:
https://ndawn.ndsu.nodak.edu/weather-data-monthly.html.

3.2. Cover Crop Growth

Stand count of both pea cultivars averaged across environments was greater (p ≤ 0.05) than the
faba bean cultivars (Table 5) due to the higher seeding rate of the peas. There was no difference
among faba bean cultivars, which showed similar emergence and growth; the same was true for the
pea cultivars. There was a ground coverage by environment interaction across three environments
(p ≤ 0.05); data were not available for ground coverage in the Hickson 2017 environment. Forage pea
cv. Arvika had greater (p ≤ 0.05) ground coverage than any other treatment across each of the three
environments (Table 5). Field pea cv. Nette had the next most coverage but was always less (p ≤ 0.05)
than ‘Arvika’.

Prostrate growth, along with greater sowing density of pea cultivars, led to their greater ground
coverage. Faba bean cv. Snowdrop and Boxer had consistently low ground coverage (Table 5).
The control plots had weeds, explaining coverage observed in control plots in both 2018 environments.
In 2017, there was uncontrolled volunteer wheat in the plots, explaining the 14.1% average coverage in
the control plot. Volunteer wheat, along with the pictures being taken later, and faba beans beginning
to turn a darker color with frost, led to skewed coverage readings of cover crops in that environment.
Ground cover from cover crops could help significantly curtail soil losses due to wind erosion, which,
according to Fryrear [37], can be reduced by 58% with just 20% ground cover. However, no-till
management can greatly reduce soil erosion on its own; with low residue crops in no-till there is still
chance for inter-rill erosion, which can be reduced by adding cover crops [38].
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Table 5. Plant stand count averaged across four environments and ground coverage for each cultivar
in each environment at Hickson and Prosper, ND, USA, in 2017 and 2018.

Cultivar

Hickson Prosper

Stand Count 2018 2017 2018

Plants m−2 Ground Coverage (%)

Fanfare 19 b † 23.0 def 12.1 k 19.1 ghi
Boxer 23 b 19.3 fgh 13.2 k 15.0 jk
Laura 22 b 21.4 efg 12.5 k 17.4 hij

Snowdrop 21 b 19.4 fgh 12.3 k 12.0 k
Tabasco 22 b 26.1 d 14.2 jk 15.3 ijk

Nette 40 a 40.9 c 15.2 jk 23.7 de
Arvika 41 a 61.9 a 21.1 efgh 49.4 b

No cover control 0 c 1.1 l ‡ 14.1 jk 1.3 l

LSD (p = 0.05) 7 3.8
† Means followed by the same letters within a column for each factor are not significantly different (p ≤ 0.05)
according to the least significant differences (LSD) test. ‡ Coverage in the no cover control corresponds to volunteer
wheat in 2017 and weeds in 2018.

Cover crop biomass averaged across four environments was similar among all cultivars (Table 6),
showing faba bean produced similar amounts of aboveground biomass as forage and field pea. This is
in contrast to Iglesias and Lloveras [18], who reported significantly greater biomass production with
faba bean than forage pea. This is likely because of the short growing period of the cover crops in this
study (August–October), whereas, in Iglesias’ study, cover crops were grown to maturity through a
mild winter from late October to May. Cover crop biomass averaged 1207 kg ha−1 and ranged from
957 to 1630 kg ha−1 (Table 6) across cultivars, but were not significantly different. ‘Arvika’ averaged
1630 kg ha−1, which was similar to the biomass yield reported by Iglesias and Lloveras [18] and
Wichmann et al. [19]. They also indicated that, in earlier harvests, pea yielded greater biomass than
other cold season legumes such as lupin, faba bean, and hairy vetch (Vicia villosa Roth). The differences
in forage and field pea biomass align with findings from Uzun et al. [8] and Turk and Albayrak [9], who
reported that leaved pea cultivars averaged greater biomass than semi-leafless cultivars. The carrying
capacity per hectare of the average biomass produced by cover crops in this study (1207 kg ha−1)
resulted in 1.5 AUM ha−1 for a 450 kg cow and calf.

Table 6. Cover crop biomass yield and leaf:stem ratio averaged across four environments at Hickson
and Prosper, ND, USA, in 2017 and 2018.

Cultivar
Biomass Yield

Leaf:Stem Ratio
kg ha−1

Faba bean
Fanfare 1021 † 1.69 a
Boxer 1184 1.85 a
Laura 1190 1.82 a

Snowdrop 957 1.71 a
Tabasco 1320 1.69 a

Pea
Nette 1149 0.49 c

Arvika 1630 1.12 b

LSD (p = 0.05) NS 0.31
† Means followed by the same letters (or no letter) within a column for each factor are not significantly different
(p ≤ 0.05) according to the LSD test.
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All faba bean cultivars, averaged across environments, showed greater (p ≤ 0.05) leaf:stem ratios
than forage pea, which had a greater (p ≤ 0.05) ratio than field pea (Table 6). Alkhtib et al. [39] found
that faba bean has a greater concentration of CP in the leaves than in the stems. The high leaf:stem
ratio of faba bean gives them a high nutritive value forage. Forage pea had a greater number of leaves
and stipules, but they were much smaller than faba bean leaves, giving them a lesser leaf:stem ratio.
Field pea is largely a vine plant and had only stipules that were counted as leaves, contributing to its
lesser (p ≤ 0.05) leaf:stem ratio.

3.3. Cover Crop Biomass Chemical Composition

All biomass chemical composition parameters evaluated were significantly different among
cultivars (p ≤ 0.05) (Table 7). Faba bean cv. Boxer had the highest CP concentration, but not different
from faba bean cv. Laura and forage pea cv. Arvika. Field pea cv. Nette had lesser (p ≤ 0.05) CP
concentration than any other cover crop. Wichmann et al. [19] also reported that faba bean contained
more CP than pea. Faba bean cv. Fanfare, Tabasco, and Snowdrop all had less (p ≤ 0.05) CP than
‘Boxer’. Soto-Navarro et al. [7], Uzun et al. [8], and Strydhorst et al. [13] reported that forage pea
types averaged a greater CP forage yield than semi-leafless pea, and that faba bean had more (p ≤ 0.05)
CP content than field pea. This could be related to the leaf:stem ratio, because Alkhtib et al. [39]
found that leaves have a greater (p ≤ 0.05) concentration of CP than stems. Legumes in this study
were in a vegetative stage at harvest, which explains their high CP concentration. The crude protein
concentration of typical legume forages, such as alfalfa (Medicago sativa L.), averaged 212 g kg−1 when
cut at early bud stage [40].

Table 7. Cover crop crude protein, p and content averaged across four environments at Hickson and
Prosper, ND, USA, in 2017 and 2018.

Cultivar
Crude Protein Phosphorus Ash

g kg−1

Fanfare 289 b † 4.73 bc 74 a
Boxer 304 a 4.83 a 77 a
Laura 297 ab 4.76 ab 75 a

Snowdrop 284 b 4.66 cd 73 a
Tabasco 285 b 4.63 de 67 a

Nette 264 c 4.24 f 44 b
Arvika 298 ab 4.57 e 42 b

LSD (p = 0.05) 14 0.08 14
† Means followed by the same letters within a column for each factor are not significantly different (p ≤ 0.05)
according to the LSD test.

Forage pea harvested in vegetative stage usually have greater forage nutritive value than more
mature plants (seed fill), with earlier harvests having greater CP, total digestible nutrients, and relative
feed value [9]. Crude protein concentration in all cover crops in this study were much above those
needed by beef cattle. A gestating cow in the mid-1/3 of pregnancy and weighing 540 kg requires 10 kg
of dry matter intake with 71 g kg−1 of crude protein [41]. It is important to graze pea and faba bean
along with an alternative source of fiber to increase the amount of DM intake, reduce CP concentration
of feed intake to maintain rumen stability, and avoid bloating [41]. This could be provided by wheat
stubble or wheat volunteers, along with other low-CP, high-fiber, dry hay.

Amiri and Shariff [10] found that combining legumes and grass species provided proper nutrition
requirements for grazing livestock. Pea grain and forage are known to cause bloat in ruminant animals
because of their high protein content [42]. Faba bean contains condensed tannins, which are attributed
to reduced bloating typical of other legume forages [43]. Thus, faba bean as a sole feed are less likely
to cause bloating than pea. However, it is important to note that tannin-free faba bean cultivars are
available [13] to increase digestibility of the seed for feed. Although there is abundant information
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about the effects of tannin-free faba bean seed, there is little information on whether the amount of
tannin in the plant biomass is affected. More research should be done on whether tannin-free faba bean
seeds may produce biomass with reduced tannin content as well, increasing the probability of bloating.

Phosphorus concentration in the biomass was different among cultivars (p ≤ 0.05), especially
between faba bean and pea cultivars, with the greatest being faba bean ‘Boxer’ with 4.83 g kg−1 and
the least being field pea ‘Nette’ with 4.24 g kg−1 (Table 7). Forage pea had less (p ≤ 0.05) P content than
all faba bean cultivars except for ‘Tabasco’, and field pea had less (p ≤ 0.05) P content than forage pea.
Both legumes have more than enough P for cattle, which need 1.4 g P kg−1 of feed [43].

Ash was greater (p ≤ 0.05) in all faba bean cultivars than the pea cultivars (Table 7). This was
likely due to the greater (p ≤ 0.05) leaf:stem ratio of faba bean and the fact that leaves of faba bean
have greater ash content than the stem [39]. Overall, ash concentrations (42–77 g kg−1) were lesser
compared with the average ash concentration of a grass–legume mixture (90 g kg−1) [44].

No significant differences (p ≤ 0.05) in nitrogen accumulation were found between cover crops
averaged across environments (Table 8). Average nitrogen accumulation of all cover crop treatments
was 55.3 kg N ha−1, and ranged from 43.4–76.8 kg N ha−1. Analysis indicated an interaction between
N accumulation and environment (p ≤ 0.05) (Table 8). Biomass and N accumulation averages follow
the trend of available NO3–N in the soil at cover crop sowing in each environment (Table 3). The fact
that there was no significant interaction between biomass and environment, but there was between
nitrogen accumulation and environment, suggests that available NO3–N in the soil is not essential
for legume biomass production, but they can accumulate excess soil NO3–N when it is available.
This shows that legumes can be scavengers as well when there are excessive nutrients in the soil, in
alignment with findings from Jensen et al. [20] and Hauggard-Nielsen et al. [23]. The Prosper 2017
environment likely had the highest average N accumulation because it had the most growing degree
days accumulated between cover crop sowing and harvest (Table 1), along with the most NO3–N in
the soil at cover crop sowing (Table 3), allowing for the most crop growth. The greatest amount of N
was accumulated by forage pea cv. Arvika with 105.1 kg ha−1 in Hickson in 2017 (Table 8). In general,
the least N accumulation was seen in most cultivars at Prosper in 2018 (Table 8).

Table 8. Environment by cover crop interaction and mean across all environments of N accumulation
in the shoot biomass of each cultivar in Hickson and Prosper, ND, USA, in 2017 and 2018.

Cultivar

Hickson Prosper
Mean

2017 2018 2017 2018

kg ha−1

Fanfare 34.0 g † 41.7 efg 64.5 bcdef 47.6 defg 46.9
Boxer 55.1 cdefg 42.8 efg 90.2 ab 39.2 fg 56.9
Laura 38.8 fg 49.7 defg 91.2 ab 49.1 defg 57.2

Snowdrop 38.2 fg 50.2 defg 55.4 cdefg 29.6 g 43.4
Tabasco 73.0 bcd 47.4 defg 84.6 abc 29.0 g 58.5

Nette 57.3 cdefg 46.4 defg 55.8 cdefg 29.7 g 47.3
Arvika 105.1 a 71.3 bcde 66.1 bcdef 64.8 bcdef 76.8

LSD (p = 0.05) 30.0 NS
† Means followed by the same letters (or no letter) within a column for each factor are not significantly different
(p ≤ 0.05) according to the LSD test.

3.4. Soil

Soil residual NO3–N was not significantly different among treatments after biomass harvest,
October/November, due to the short time for the uptake of soil NO3–N (Table 9). This could also
be due to the N2 fixation by legumes. Control plots without cover crop averaged slightly, but not
significantly, greater residual NO3–N in the soil than the cover crop plots. This shows that the cover
crops in this study didn’t accumulate more N from the soil than would have been leached away or
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lost by other means, alleviating the need to increase fertilization in the following year. Similarly,
Hauggaard-Nielsen et al. [23] found that excess nutrients accumulate in cover crop biomass and can
reduce nutrient leaching or loss through soil erosion throughout the fall, winter, and spring. However,
Couedel et al. [29] found a decrease in soil NO3–N from legume cover crops grown during a fallow
period, which ranged from 25% to 56%, with pea causing the most reduction. This is likely due to the
longer growing period of the cover crops in the Couedel et al. [29] study.

Table 9. End of season soil NO3–N and change in soil NO3–N throughout the life of the cover crop
averaged across four environments at Hickson and Prosper, ND, in 2017 and 2018.

Cultivar
Soil NO3–N Change in NO3–N †

kg ha−1

Fanfare 24.0 21.6
Boxer 23.8 21.7
Laura 22.1 23.4

Snowdrop 22.7 22.8
Tabasco 23.7 21.8

Nette 25.9 19.7
Arvika 24.7 20.9
Control 26.4 19.1

LSD (p = 0.05) NS NS
† Change in soil NO3-N from cover crop sowing to biomass harvest.

Change in soil NO3–N during the life of the cover crops (August to October) was not different
between treatments (Table 9). Although not significant, the absence of a cover crop resulted in a lesser
change in soil NO3–N from planting to harvest of cover crops than those with cover. Soil NO3–N
changes are mainly due to mineralization, leaching, and immobilization and N2 fixation.

3.5. Maize Crop in Following Season

No differences were found between the previous year’s cover crop treatments in any of the maize
parameters that were tested in the following season. This neutral result indicates that N stored in the
cover crop biomass did not mineralize fast enough, or in large enough amounts, for the following
crop, maize, to utilize. This low response is likely due to low temperatures throughout April in
2018, delaying the start of the mineralization process (Table 4). Low rainfall throughout the spring
of 2018 in both environments, and through July of 2018 in the Prosper environment likely decreased
mineralization rate in the soil to less than expected (Table 4). Similarly, Hauggaard-Nielsen et al. [23]
reported that production of wheat in the spring was unaffected after fall-sown grass/clover.

When analyzing the maize grain yield response to residual soil NO3–N after each cover crop in
the spring, there was a slight response (r2 = 0.30) (Figure 2). Pea cultivars and the control plot had a
lesser maize grain yield compared with the maize following faba bean cultivars. Likewise, Lupwayi
and Soon [45] indicated that faba bean might have released more N in the first year of decomposition
than both field and forage pea.
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Figure 2. Interaction between spring soil NO3–N and maize grain yield in 2018, following fall
cover crops.

Slightly increased maize yield in the year following forage pea compared with the field pea
was likely due to its greater leaf:stem ratio and greater N concentration; a response also reported by
Lupwayi and Soon [45]. A greater N concentration in the faba bean biomass could allow for faster
mineralization of the nutrients, leading to a slight boost in maize yield, but this has not been determined
by this study. This trial was not fertilized with N; thus, a slightly greater availability of soil NO3–N
could have made a difference in grain yield.

4. Conclusions

Faba bean, forage pea, and field pea all show potential as late-season cover crops and forage
grazing, due to their ability to produce biomass when sown after wheat harvest and their high CP
content. All cover crops tested attained similar biomass accumulation and enough ground coverage
to reduce erosion. Peas provided more ground coverage than faba bean. Increasing the faba bean
sowing rate would likely increase biomass production and ground coverage. On just these cover crops,
1.5 AUM would be able to graze per hectare. Forage pea and faba bean had a better nutritive value
than field pea because of their greater CP concentration. Faba bean cultivars had a greater leaf:stem
ratio than peas, which could lead to increased intake of faba bean over peas for grazing cattle. Faba
bean and forage pea also showed a slightly greater N benefit than field pea to the succeeding crop
due to their high N content and superior leaf:stem ratio. There are multiple advantages to using these
leguminous cover crops after wheat, though more research may need to be done to find conclusive
results of their residual nutrient effects on the following crops.
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Abstract: Chinese milk vetch (Astragalus sinicus L., vetch), a leguminous winter cover crop, has been
widely adopted by farmers in southern China to boost yield of the succeeding rice crop. However,
the effects of vetch on rice grain yield and nitrogen (N) use efficiency have not yet been well studied
in the intensive double-cropped rice cropping systems. To fill this gap, we conducted a three-year
field experiment to evaluate the impacts of the vetch crop on yields and N use efficiency in the
subsequent early and late rice seasons. With moderate N input (100 kg N ha−1 for each rice crop),
vetch cover significantly increased grain yields by 7.3–13.4% for early rice, by 8.2–10.4% for late rice,
and by 8.6–11.5% for total annual rice production when compared with winter fallow. When rice
crops received an N input of 200 kg N ha−1, vetch cover increased grain yields by 5.9–18.4% for early
rice, by 3.8–10.1% for late rice, and by 6.2–11.3% for annual rice production. Moreover, comparable
grain yields (11.9 vs. 12.0 Mg ha−1 for annual rice production) were observed between vetch cover
with moderate N and fallow with added N fertilizer. Yield components analysis indicated that
the increased tillering number was the main factor for the enhanced grain yields by vetch cover.
Vetch cover with moderate and higher N input resulted in higher agronomic N use efficiency and
applied N recovery efficiency compared with the fallow treatments. Here, our results showed that
vetch as a winter cover crop can be combined with reduced N fertilizer input while maintaining high
grain yields, thus gaining a more sustainable rice production system.

Keywords: leguminous cover crop; vetch; double cropping; grain yield; N uptake; N use efficiency; rice

1. Introduction

Rice (Oryza sativa L.) is one of the most important food crops in China, with a planted area
of 30 million ha and a gross grain production of 206 million tons in 2014. Chemical nitrogen (N)
fertilizer, as high as 193 kg N ha−1, is regularly applied for each cropping season, with less than
36% of it recovered by the rice crop [1]. Sustainable rice production in this region is hampered by
excessive N fertilizer application since: (1) rice grain yield increase is lower than N rate increase,
leading to decreased partial factor productivity from applied N [2], (2) high N fertilizer input increases
farmers’ costs, and (3) decreased N use efficiency may be associated with high risk of N losses into
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the environment, resulting in environmental problems, such as nitrogen leaching [3], N2O and NH3

emissions, and subsequent high atmospheric N deposition rates [4].
Some strategies have been developed to balance the N effects on crop yield and environmental

risks [1]. Improved N use efficiency can be achieved by using slow-release sulfur- or polymer-coated
N fertilizer [5], multisplit topdressing, deep placement of fertilizer, and integrated soil–crop
management [6]. These management technologies were introduced to help to enhance crop N
uptake and reduce N losses into the environment. However, most of these fertilizer products or
fertilizer management strategies require high cost or additional labor input, which limit their adaptation
by farmers.

Biologically fixed N may be an alternative, low-cost N source for farmers in China. Cover crops
are commonly sown during the fallow period and can be used as an effective tool to improve N
management in annual crop rotations [7]. Nonleguminous cover crops such as turnip rape (Brassica rapa)
and Italian ryegrass (Lolium multiflorum Lam.) have been used to intercept postharvest surplus N
that would otherwise be leached into rivers and groundwater [8,9]. Leguminous cover crops such as
Chinese milk vetch (Astragalus sinicus L.), crimson clover (Trifolium incarnatum L.), and purple vetch
(Vicia benghalensis L.) can fix atmospheric N2, reduce nitrate leaching, and increase soil N availability for
the succeeding main crops [10–12], thus decreasing the reliance on synthetic fertilizer N and reducing
the associated costs and environmental risks.

Chinese milk vetch is a widely used leguminous cover crop in the double-cropping rice systems
in southern China. It is usually broadcast into the paddy field approximately two weeks before the late
rice harvest and incorporated into the soil at blooming stage, about one or two weeks before the early
season rice planting. It is hypothesized that there should be a synergistic interaction between vetch
incorporation and chemical fertilizer N on rice grain yield and N use efficiency. However, the evidence
is limited. Knowledge of the interaction between milk vetch incorporation and chemical fertilizer N is
important for the optimal use of both cover crop and chemical fertilizers.

In the present study, we measured rice grain yield and N use efficiency for three years in a
field experiment. The study has two main objectives: to evaluate the combined effects of vetch as a
leguminous winter cover crop and fertilizer N application rate on (1) rice grain yields and (2) N use
efficiency of the double-cropping rice system.

2. Materials and Methods

2.1. Experimental Site

A three-year field experiment (2015 to 2017) was conducted in a farmer’s field in Huarong County
(29◦52′ N, 12◦55′ E) in Dongting Lake Plain, Hunan province, China. The climate in this region is
subtropical, monsoonal, and humid. The most widely practiced cropping system consists of growing
two rice crops followed by winter fallow or a cover crop. The soil was a clay loam that contained 24.7%
sand, 61.1% silt, and 14.2% clay, and pH (H2O) was 6.1. Soil organic matter was 3.02%, while soil
total N was 0.12%; Olsen extractable phosphorus was 12.7 mg kg−1 and available potassium was
107.5 mg kg−1 soil.

2.2. Treatments and Crop Management

The experimental treatments were: (1) winter fallow without N application during the main
crop rice season as a control (FN0); (2) winter fallow and a moderate 100 kg N ha−1 for each rice
crop (FN100); (3) vetch cover crop in winter and 100 kg N ha−1 for each rice crop (MN100); (4) winter
fallow and 200 kg N ha−1 input for each rice crop (FN200), and (5) vetch cover cropping in winter and
200 kg N ha−1 for each rice crop (MN200). The experimental design was a completely randomized
block design with three replications. Blocks were separated by 1 m wide irrigation ditches and each
treatment was randomly placed in 5 m × 6 m plots within each block. Plots were separated by 0.5 m
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wide ridges covered with plastic film to avoid water and nutrients leaking. Treatments were assigned
to the same experimental plots for three years.

Vetch seeds (cv. Xiangfei 3) were hand broadcast approximately 15 days before late rice harvest in
early October. The vetch received no fertilizer during the winter growing season. The aboveground
biomass of the vetch was incorporated into the soil at the blooming stage by plowing and puddling
approximately 10 days before early rice planting. In the winter fallow plots, the soil was bare without
straw or grass cover (Figure 1).

 

Figure 1. Planting patterns of the winter fallow (a) and the winter cover cropping with milk vetch
(b) in a double-rice cropping system.

For the early rice, seedlings (cv. Luliangyou 996, 30 d old, hybrid cultivar) were planted at a
spacing of 15 cm × 20 cm with 2–3 plants per hill after field preparation and basal fertilization in late
April and harvested in middle July. For the late rice, seedlings (cv. Yueyou 712, 30 d old, hybrid cultivar)
were transplanted after early rice harvest and soil preparation, and harvested in late October. In each
year, both early and late rice seasons received a basal fertilizer application in the form of 75 kg ha−1

P2O5 (calcium super phosphate), 100 kg ha−1 K2O (potassium chloride), and 70% N (urea or urea plus
vetch residue in vetch plots), with the remaining N applied as top dressing at the tillering stage for
both early and late rice seasons. For plots with vetch cover, basal N application in the early rice crop
was reduced by the estimated N content in the vetch aboveground biomass residue. The field was
flooded after early rice and late rice transplanting, and a floodwater depth of 3–5 cm was maintained
until 10 days before maturity except that the water was drained at maximum tillering stage to reduce
unproductive tillers. Herbicides and pesticides were used to avoid yield loss according to the actual
demands. All plots received a similar field management for irrigation and crop protection during rice
growth season.

2.3. Sample Collection and Analysis

Rice grain yield was determined at maturity by randomly harvesting two 4 m2 areas from each
plot, while six representative hills of rice plants were collected to measure yield components and N
uptake. Plants were separated into leaves, stems, and panicles. The dry weight of straw and grain was
measured after oven drying at 75 ◦C to constant weight. Yield components included number of panicles
m−2, number of spikelets panicle−1, grain-filling percentage, and 1000 grains weight. Rice plant sample
and vetch plant sample were weighed fresh, dried at 60 ◦C to a constant weight. Tissue N concentration
was determined by micro-Kjeldahl [13] and used to calculate total N uptake. Applied N recovery
efficiency (REN) and agronomic N use efficiency (AEN) were calculated following Xu et al. [14] as:

REN =
NF−N0
Applied N

× 100 (1)
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where NF and N0 are plant total N content (kg N ha−1) of N addition treatments and unfertilized
control, respectively, and Applied N is the amount of N from urea and vetch.

AEN =
GF−G0

Applied N
× 100 (2)

where GF and G0 are grain yield (kg ha−1) of N addition treatments and unfertilized control, respectively.

2.4. Statistical Analyses

Data were analyzed using analysis of variance (SAS Institute, 2003) and means of rice grain
yields, yield components, N uptake, and N use efficiency were compared based on the least significant
difference (LSD) test at the 0.05 probability level.

3. Results

3.1. Grain Yield and Yield Components

Rice grain yield of the early rice, late rice, and annual rice production were significantly affected
by year and treatment (Table 1). The interaction effect of year and treatment was significant for the
early rice crop, but not significant for late rice and annual production. Vetch cover stimulated grain
yield for the succeeding early and late rice compared with fallow at the same N application dose.

Compared with 100 kg ha−1 chemical N fertilizer addition, vetch cover increased grain yields by
7.3–13.4% for early rice, by 8.2–10.4% for late rice, and by 8.6–11.5% for the total annual production
(Table 2). This was similar for the 200 kg N ha−1 treatments: 5.9–18.4% for early rice, 3.8–10.1% for late
rice, and 6.2–11.3% for the total annual production higher with vetch cover than with winter fallow.
With the exception of the late rice season in the year 2015, all differences between vetch and fallow
were significant within the same N addition dose (p < 0.05).

Table 1. Analysis of variance (F values) for grain yield, total N uptake, agronomic N use efficiency
(AEN), and fertilizer N recovery efficiency (REN) of the early rice, late rice, and annual cycle rice in
2015, 2016, and 2017 in Huarong County.

Source of
Variation

Early Rice Late Rice Annual Cycle Rice

Grain
Yield

Total N
Uptake

AEN REN
Grain
Yield

Total N
Uptake

AEN REN
Grain
Yield

Total N
Uptake

AEN REN

Year (Y) 217.2 ** 58.6 ** 6.5 ** 28.7 ** 191.9 ** 173.8 ** 7.1 ** 7.8 ** 100.7 ** 144.1 ** 7.1 ** 22.3 **
Treatment (T) 359.8 ** 144.8 ** 78.0 ** 21.3 ** 89.0 ** 92.0 ** 5.1 ** 4.7 * 272.8 ** 164.0 ** 21.8 ** 14.9 **

Y × T 4.3 ** 5.0 ** NS NS NS NS NS NS NS 4.0 ** NS NS

Note: * and **, significant at p ≤ 0.05 and p ≤ 0.01, respectively; NS, nonsignificant.

Table 2. Grain yields for the early rice, late rice, and annual rice cycle in the years 2015–2017 influenced
by vetch covering.

Treatment

2015 2016 2017

Early Rice
(Mg ha−1)

Late Rice
(Mg ha−1)

Annual Rice
Cycle a

(Mg ha−1)

Early Rice
(Mg ha−1)

Late Rice
(Mg ha−1)

Annual Rice
Cycle

(Mg ha−1)

Early Rice
(Mg ha−1)

Late Rice
(Mg ha−1)

Annual Rice
Cycle

(Mg ha−1)

FN0 4.90 e 4.52 d 9.42 d 4.34 d 4.25 d 8.59 d 3.96 d 5.24 d 9.19 d
FN100 6.26 d 5.06 c 11.32 c 5.30 c 4.64 c 9.94 c 5.09 c 6.07 c 11.16 c
MN100 6.72 b 5.58 b 12.29 b 6.02 b 5.021 b 11.03 b 5.74 b 6.70 b 12.44 b
FN200 6.38 c 5.92 a 12.31 b 5.83 b 5.17 b 11.00 b 5.81 b 6.91 b 12.72 b
MN200 7.56 a 6.15 a 13.70 a 6.51 a 5.69 a 12.20 a 6.15 a 7.35 a 13.50 a

Note: Different letters in the same column mean there is a significant difference at the 0.05 level (LSD). The data
shown in the panels are averages of the three replications for individual treatments. a The grain yield for annual rice
cycle is the sum of the early and late rice grain yields from the same plot within a year.

Yield components analysis indicated (Table 3) that rice grain yield increases associated with
vetch cover were mostly the result of the increased panicle m−2 number, while the other three yield
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components, spikelets panicle−1, grain filling, and grain weight, were not significantly affected by
treatments. Treatments with vetch cover showed higher panicle numbers for early rice in all of the
years when compared with those with fallow. For panicle numbers of late rice, vetch cover increased
panicle numbers compared to fallow at 100 kg N ha−1 in three years, while increased panicle numbers
were observed only in 2017 for the 200 kg N ha−1 (Table 3).

Table 3. Yield components for the early rice and late rice in the years 2015–2017 influenced by vetch.

Treatment

Early Rice Late Rice

Panicles
(m−2)

Spikelets
Panicle−1

Grain
Filling (%)

Grain
Weight (mg)

Panicles
(m−2)

Spikelets
Panicle−1

Grain
Filling (%)

Grain
Weight (mg)

2015
FN0 192 d 108 a 79 a 27 a 177 b 132 a 87 a 24 a

FN100 249 c 120 a 77 a 27 a 178 b 133 a 89 a 24 a
MN100 261 b 101 a 79 a 29 a 205 a 131 a 89 a 24 a
FN200 276 b 114 a 76 a 26 a 210 a 136 a 87 a 24 a
MN200 337 a 116 a 80 a 25 a 213 a 135 a 85 a 24 a
2016
FN0 151 d 121 a 79 a 29 a 228 c 102 a 65 a 24 a

FN100 192 c 123 a 83 a 28 a 252 b 102 a 65 a 24 a
MN100 222 b 129 a 80 a 28 a 286 a 98 a 66 a 25 a
FN200 214 b 141 a 83 a 27 a 284 a 114 a 64 a 23 a
MN200 250 a 133 a 78 a 27 a 298 a 112 a 63 a 23 a
2017
FN0 304 e 67 a 87 a 25 a 171 d 129 a 80 a 24 a

FN100 354 d 76 a 84 a 25 a 198 c 137 a 79 a 24 a
MN100 386 c 69 a 86 a 26 a 219 b 143 a 79 a 25 a
FN200 415 b 78 a 84 a 25 a 246 a 153 a 73 a 24 a
MN200 457 a 64 a 84 a 26 a 223 b 144 a 77 a 25 a

Note: Different letters in the same column in the same year mean there is a significant difference at the 0.05
level (LSD).

3.2. N Uptake

Year and treatment significantly affected total N uptake for the early and late rice crops and annual
rice production. The interaction effect of year and treatment was significant for early rice and annual
production, but not significant for late rice (Table 1).

The N uptake by early rice and late rice and annual N uptake increased significantly in response
to N fertilizer (Figure 2). Consistent with the positive effect of vetch cover on grain yields, N uptake by
rice plants was also significantly higher in the vetch treatments than in the fallow treatments (Figure 2).
At 100 kg N ha−1, vetch cover increased N uptake by 8.3–18.1% for early rice, by 6.0–8.8% for late rice,
and by 7.1–13.2% for annual N uptake. At 200 kg N ha−1, vetch cover enhanced N uptake by 9.2–26.6%
for early rice, by 9.5–13.2% for late rice, and by 9.3–18.1% for annual N uptake (Figure 2).

3.3. N Use Efficiency

Both year and treatment had significant effects on AEN and REN for early rice, late rice, and annual
rice production, whereas the interaction between year and treatment on AEN and REN was not
significant (Table 1).

During the three-year study, AEN exhibited the same trend across treatments for early rice,
late rice, and annual cycle rice crops (Figure 3). For the same N dose, treatments with the vetch cover
demonstrated significantly greater AEN values than corresponding fallow treatments for early rice,
late rice, and annual rice production (p < 0.05), with the exception of the late rice season in the years
2016 and 2017 (Figure 3).
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Figure 2. Total N uptake for early (a–c), late (d–f), and annual cycle (g–i) rice from 2015 to 2017.
FN0 represents winter fallow without N application in rice seasons as a check, MN100 represents vetch
cover cropping with 100 kg N ha−1 each rice season, FN100 represents winter fallow with 100 kg N ha−1

each rice season, MN200 represents vetch cover cropping with 200 kg N ha−1 each rice season, and FN200

represents winter fallow with 200 kg N ha−1 each rice season. The data shown in the panels are averages
of the three replications for individual treatments. Vertical bars represent the standard errors. Different
lowercase letters represent the significant differences at p < 0.05.

Figure 3. Agronomic N use efficiency for early (a–c), late (d–f), and annual cycle (g–i) rice from
2015 to 2017. FN0 represents winter fallow without N application in rice seasons as a check, MN100

represents vetch cover cropping with 100 kg N ha−1 each rice season, FN100 represents winter fallow
with 100 kg N ha−1 each rice season, MN200 represents vetch cover cropping with 200 kg N ha−1 each
rice season, and FN200 represents winter fallow with 200 kg N ha−1 each rice season. The data shown
in the panels are averages of the three replications for individual treatments. Vertical bars represent the
standard errors. Different lowercase letters represent the significant differences at p < 0.05.
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Similar to AEN, REN was stimulated by vetch cover across the three experimental years (Figure 4).
REN values for early rice, late rice, and annual production were highest in MN100 plots (24.6–41.8%
for early rice, 19.6–32.8% for late rice, and 23.3–37.2% for annual cycle), followed by MN200, FN100,
and FN200 (Figure 4). Under the same N dose, MN100 and MN200 also showed significantly greater
REN values than FN100 and FN200, respectively, for early rice, late rice, and annual cycle rice crops
(p < 0.05).

Figure 4. Fertilizer N recovery efficiency for early (a–c), late (d–f), and annual cycle (g–i) rice from
2015 to 2017. FN0 represents winter fallow without N application in rice seasons as a check, MN100

represents vetch cover cropping with 100 kg N ha−1 each rice season, FN100 represents winter fallow
with 100 kg N ha−1 each rice season, MN200 represents vetch cover cropping with 200 kg N ha−1 each
rice season, and FN200 represents winter fallow with 200 kg N ha−1 each rice season. The data shown
in the panels are averages of the three replications for individual treatments. Vertical bars represent the
standard errors. Different lowercase letters represent the significant differences at p < 0.05.

4. Discussion

4.1. Effect of Vetch Winter Cropping on Rice Grain Yield

Effects of cover crops on the succeeding crop yields have been studied in various cropping
systems around the world [9,15–17]. In most cases, leguminous cover crop species, such as alfalfa,
red clover, and crimson clover, exhibit a positive effect on grain yield of subsequent corn or winter
wheat in corn–cover crop and winter wheat–cover crop systems [18–20]. When it comes to rice,
some studies reported grain yield increased following cover crops such as milk vetch, Sesbania rostrate,
and Aeschynomene afraspera [17,21,22]. It is widely thought that the yield increase is the result of a better
synchrony of N supply from the cover crop residues with main crop N demand. In addition to its
ability to fix N, leguminous cover crops are more likely to give a higher N return after incorporation,
suggesting a possibility for replacing fertilizer N during main crop seasons.

In this study, the positive effect of milk vetch on the subsequent rice crops is in agreement with
results from Yu et al. [23] and Zhu et al. [17], which showed a 5–10% yield increase by including
legumes such as bean or vetch in a rice–winter crop system. Similar positive effects on rice yield
have been observed in multiple cropping systems such as rice–Azolla [24] and rice–fish [25]. In our
study, milk vetch and subsequent early and late rice crops constituted a temporal multicropping
system that resulted in enhanced rice crop yields. As reviewed by a number of reports [9,12,15,16],
biologically-fixed N from the leguminous cover crops is likely associated with the increase in the rice
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crop yields. Interestingly, we observed comparable rice yields for the treatments MN100 and FN200

(6.1 vs. 6.0 Mg ha−1, 5.8 vs. 6.0 Mg ha−1, and 11.9 vs. 12.0 Mg ha−1 for early rice, late rice, and total
annual rice production, respectively). This implies a considerable potential for vetch in double-rice
systems to reduce fertilizer N requirement while still meeting the goal of high rice grain yields [23].
The positive effect of milk vetch on yield was not limited to the early rice crop, but was also observed
in the late rice crop. The possible explanation for this late rice effect is the greater N return from early
rice straw in milk-vetch-treated plots (Figure 2).

The results of yield components analysis indicated that a greater rice plant panicle number was
the only factor affected by milk vetch and fertilizer rate, rather than number of spikelets panicle−1,
grain filling, and grain weight (Table 3). This implies that rice grain yield increase by milk vetch was a
result of more vigorous growth of rice plants at or before the tillering stage [17].

4.2. Effect of Vetch on Rice N Uptake and N Use Efficiency

Another approach to managing the N economy of rice crops is to promote N retention by adding
plant residues, such as straw, during the fallow period, but results from studies of the effects of
straw application on the subsequent crop growth and N uptake are inconsistent. Some reported an
insignificant increase or even a decrease in grain yield and N uptake after straw incorporation caused
by short-term microbial immobilization associated with a high straw C/N ratio [26,27]. Anaerobic
decomposition of incorporated residues in a flooded paddy will release low-molecular-weight organic
acids, some of which can inhibit root growth [1,14]. Others observed enhanced crop yield and N
uptake with residue incorporation of a suitable C/N ratio and when applied at the right time or in a
right way [12,28,29]. In this study, the low C/N ratio of the vetch biomass residue (20–25) and 10 days
between vetch incorporation and rice transplanting allowed enough time for N release coinciding with
early rice growth resulting in increased grain yield and N uptake. The increase in late rice grain yields
and N uptake in vetch covering treatments could be explained by a higher N return from early rice
straw biomass incorporation before late rice transplanting.

To better evaluate the sustainability of the vetch–double-rice system, it is important to consider
options that have the potential both to improve rice production and to decrease chemical N demand.
AEN and REN are commonly used to measure N cycling efficiency in ago-ecosystems [14,16,28].
As shown in Figure 3, the highest AEN values for early rice, late rice, and annual production were
observed in vetch with 100 kg N ha−1 (16.7–18.2% for early rice, 7.7–14.6% for late rice, and 12.2–16.3%
for annual cycle). The higher AEN in the vetch cropping treatments was the main explanation for
the enhanced rice yields (Table 2). As reported by Bijay-Singh et al. [30] and Xu et al. [14], AEN was
not significantly increased by N return from incorporated straw unless the incorporated residue or
aboveground biomass was applied with a lower N rate. However, our findings suggested an increased
AEN after the vetch winter crop and residue incorporation both under a moderate and high N rate.
Yao et al. [31] also observed a higher AEN in rice with a green manure duckweed (Spirodela polyrhiza)
at a total N application of 225 kg N ha−1, which was even higher than in our study. The effects of
cover crop/green manure or crop straw incorporation on the subsequent crop AEN may depend on
the quality of the incorporated organic amendments, such as C/N ratio [14], nitrogen release rate [10],
and toxic material produced during residue decomposition [1,14].

Values for REN in this three-year observation followed the range reported by other studies
conducted in paddy soils [12,28,29]. The increase of REN (Figure 4) in the vetch treatments was the
result of a better synchronization between N supply and crop N demand, which was also observed
in previous studies [31–33]. As reported by Zhu et al. [12] and Xie et al. [33] from a greenhouse pot
trail, vetch combined with urea application resulted in a higher and more persistent soil inorganic
N supply than urea applied alone. Furthermore, vetch cropping helped to increase soil microbial
activities because vetch covering and incorporation may enhance vetch–microbe interaction by organic
C and N input from vetch biomass and root rhizodeposition [23,32]. According to Yuan et al. [34],
biological N fixation by vetch could supply 54.1 to 70.8 kg N ha−1 to rice paddies in southern China.
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Reduced N loss may be another essential factor explaining the increased N recovery efficiency in
association with vetch cropping, because a cover crop could retain soil native N which otherwise might
be lost through leaching during winter fallow [23] and decrease N loss in the form of ammonia gas
during rice growing seasons [31].

5. Conclusions

In an intensive double-cropped rice system in southern China, maintaining high grain yields and
decreasing chemical N input is a double-win target for farmers and the environment. The present
study indicated that winter cover cropping with leguminous vetch increased grain yields, N uptake,
and N use efficiency of the subsequent early and late rice crops when compared with a winter fallow.
The interaction between vetch residue incorporation and urea application significantly increased rice
production while reducing chemical N input. Comparable grain yields (11.9 vs. 12.0 Mg ha−1 for
annual rice cycle) between vetch with 100 kg N ha−1 and fallow with 200 kg N ha−1 suggested that
winter cropping of vetch, combined with reduced N fertilizer, is a possible way to help reach the
double-win target. The enhanced N use efficiency when vetch is supplied with N fertilizer would
reduce N loss into the environment. These results show that winter covering of vetch helps to gain a
more sustainable rice production system.
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Abstract: Kura clover living mulch (KCLM) systems have been previously investigated for their
incorporation into upper Midwestern row crop rotations to provide ecosystem services through
continuous living cover. Reductions in soil erosion and nitrate loss to surface and groundwater have
been reported, but factors affecting agronomic performance and nutrient management are not well
defined. To achieve realized environmental benefits, research must develop agronomic management
techniques, determine economic opportunities, and provide management recommendations for
row crop production in KCLM systems. Two experiments were conducted in 2017 and 2018 to
determine the response to N fertilizer application for maize production in KCLM. The first-year maize
experiment followed forage management, and the second-year maize experiment followed maize
after forage management. Eight fertilizer N treatments ranging from 0–250 kg N ha−1 were applied
to each experiment and grain and stover yields were compared to conventionally managed maize
hybrid trials that were conducted nearby. First-year maize did not need fertilizer N to maximize yield
and profitability in either growing season, and second-year maize required a fertilizer N rate near
local University guidelines for maize following soybean. The net economic return from maize grain
and stover in the KCLM averaged over first and second-year maize experiments and 2017 and 2018
growing seasons were $138 ha−1 greater than the conventional comparison.

Keywords: kura clover; living mulch; cover crop; perennial; conservation; nitrogen; forage; economics

1. Introduction

Kura clover (Trifolium ambiguum M. bieb), a rhizatomous perennial legume forage, is well suited
for incorporation into upper Midwestern row-cropping systems as a perennial cover crop or living
mulch [1]. Kura clover’s dense rhizome system holds large stores of metabolite energy that allow for
perennial persistence and rapid reestablishment after intensive agronomic management [2]. In the U.S.
Midwest, maize (Zea mays) and soybean (Glycine max) have been successfully grown in a kura clover
living mulch (KCLM), and clover forage productivity recovered in the following growing season [1,3,4].
Living cover and active root uptake during the fall and spring months reduce soil erosion and nitrate
leaching from maize production by up to three-quarters in the KCLM system compared to conventional
management [5,6].

Maize production in KCLM requires stover harvest to prevent smothering of kura clover by crop
residues [1]. Maize silage and stover are important forage and bedding materials in livestock operations
and were harvested from 7% of maize acres in the central and eastern U.S. in 2010 [7,8]. While harvest
of maize residue in conventional production systems can increase soil erosion and negatively affects soil
carbon, structure, and fertility [9,10], soil physical and chemical properties were unaffected by 5–7 years
of continuous maize stover removal under KCLM management in the upper Midwest [11]. Improved
protection from soil erosion and increased carbon input to soils from living cover maintains soil quality
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and reduces environmental and economic costs of stover harvest by increasing the sustainable stover
removal rate [12]. Higher stover removal rates will reduce the land area impacted by stover harvest,
thus reducing harvest cost and increasing the sustainability of stover removal in upper Midwestern
livestock production systems.

Disparities in the literature exist regarding the agronomic productivity between KCLM
and conventional maize systems, where grain and forage yields are either reduced [3–6,13] or
maintained [1,2,14,15]. Previous research comparing maize grain yield in KCLM and conventional
management systems are sometimes confounded by nitrogen (N) management, where living mulch
treatments were granted legume N credits of 67–146 kg N ha−1 [5,6,13]. Limited understanding of
biological N fixation and cycling in KCLM systems has left researchers with little baseline information on
N management guidelines, limiting the quantification and understanding of agronomic, environmental,
and economic attributes of KCLM systems. Defining more robust N management recommendations
for KCLM-row cropping systems requires identification of environmental and agronomic factors that
affect in-season N contributions and availability. Recent work to isolate factors affecting in-season
N contributions from KCLM identified rotary zone tillage as an important factor in promoting N
mineralization from disturbed and incorporated clover residues [16]. This aligns with previous studies
that identified rotary zone tillage as a promising strategy to reduce living mulch competition with the
emerging row crop [14,17,18].

It is necessary to develop N management guidelines based on crop rotations and scenarios that
may be utilized by growers to quantify the economic and environmental potentials of KCLM-maize
management systems. The potential reduction of fertilizer N requirements for maize through in-season
N contributions from KCLM may reduce management costs and improve economic competitiveness
with other cropping systems. The objectives of this research were to determine the effect of N fertilizer
management on the productivity of maize and kura clover in a KLCM-maize system and assess the
economic performance of this system. Greater understanding of N cycling in KCLM systems will
facilitate innovation and adoption of perennial-annual intercropping systems that reduce environmental
impacts of agriculture while providing economic benefits to crop and livestock growers.

2. Materials and Methods

2.1. Site Description

Field experiments were conducted in 2017 and 2018 at the University of Minnesota Research and
Outreach Center in Rosemont, MN (44.73◦ N, 93.09◦ W) on a Waukegan silt loam (Fine-silty over sandy
or sandy-skeletal, mixed, super active, mesic Typic Hapludolls). Soils at the site contained 20.5 g kg−1

organic carbon and were 5.7 pH in the 0–30 cm layer. Endura kura clover was established at the site
in 2006–2007 and used as a living mulch for maize and soybean from 2008–2009. Rhizomes were
dug from the experimental site in 2010 using a potato (Solanum tuberosum) harvester for a vegetative
repropagation study [19] and kura clover recovered before resuming as a living mulch for maize in
2011 and 2013 and soybean in 2012 and 2014. Phosphorous (P) and potassium (K) fertilizers were
applied according to soil test values and University of Minnesota guidelines in 2015 [20] and clover
was harvested for hay once each year in 2015 and 2016.

Daily precipitation and minimum and maximum air temperature from 1 April to 31 October were
obtained from National Weather Service Cooperative Observer Station No. 217107. Daily weather
observations were averaged over 1981–2010 to represent the climatic normal. Daily minimum and
maximum temperature were used to calculate cumulative growing degree days with a base and upper
limit of 10 and 30 ◦C, respectively, beginning on 12 May for the climatic average and the planting date
of the corresponding growing seasons in these experiments.
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2.2. Experimental Design

Two studies, each conducted over two growing seasons (2017 and 2018), investigated fertilizer N
management for maize in KCLM (Table 1). The ‘first-year’ experiment was maize seeded into kura
clover that was managed as forage since the 2015 growing season. The ‘second-year’ experiment
was maize seeded into kura clover that had been planted to maize in the previous growing season
and was previously managed as forage since the 2015 growing season. In the 2011–2014 growing
seasons, the kura clover was managed as a living mulch in a maize-soybean rotation. First-year maize
production in preparation for the second-year maize experiment received 150 kg N ha−1 as liquid
urea-ammonium nitrate banded 10 cm from the center of the row at the six-leaf collar stage of maize
phenological development. The second growing season of each study was placed adjacent to the first
to maintain the crop rotation treatments; therefore, treatments were not applied to the same plots in
both growing seasons. The studies investigated fertilizer N rate, where an unfertilized control was
compared to plots that received a split application of urea containing urease and nitrification inhibitors
(SuperU, Koch Agronomic Services, Wichita, KS, USA) at 40, 80, 120, 180, or 250 kg N ha−1. SuperU
was surface-banded at 40 kg N ha−1 onto the center of the tilled row and incorporated with a second
pass of the rotary zone tillage tool prior to planting. The remainder of treatment fertilizer N was
surface banded 5 cm from the center of the row at the four-leaf collar stage of maize phenological
development. Two additional fertilizer N treatments applied urea instead of SuperU, either in a single
application of 120 kg N ha−1 at planting or as a split application of 40 and 80 kg N ha−1 at planting and
the four-leaf collar stage of maize phenological development, respectively. Plots were 4.7 m (6 rows)
wide by 15.2 m long and the first- and second-year maize experiments were arranged as two 4 × 2
randomized complete blocks with four replications of the eight fertilizer N treatments.

Table 1. Crop rotations for first- and second-year maize experiments.

Experiment, Growing Season
Growing Season

2018 2017 2016 2015 2011–2014

Second-year maize, 2017 Maize † Maize

Forage Maize-Soybean
rotation

First-year maize, 2017 Maize †
ForageSecond-year maize, 2018 Maize † Maize

First-year maize, 2018 Maize † Forage

† Experimental data were collected from plots in the 2017 and 2018 growing seasons following corresponding
crop rotations.

2.3. Agronomic Management

Prior to spring clover management, triple superphosphate, potash, and gypsum fertilizers were
broadcast over the entire experimental area in both growing seasons based on soil test values and
university guidelines [20]. Clover was cut with a flail mower to 5 cm prior to row establishment in 2017
and in the first-year maize experiment in 2018. Rows were established with a rotary zone tillage tool
(Northwest Tillers, Yakima, WA, USA) that tilled 30-cm-wide rows every 76 cm on 11 May 2017 and
22 May 2018 [16,17]. Fertilizer N applications at planting were applied with a garden seeder (Earthway,
Bristol, IN, USA) in the center of the tilled strip before incorporation with a second pass of the rotary
zone tillage tool. Maize (Pioneer P0157AMX, Pioneer Dupont, Johnston, IA, USA) was planted in 76-cm
rows in the center of the tilled strips at 86,000 seeds ha−1 with a John Deere 7000 planter (John Deere,
Moline, IA, USA) on 12 May 2017 and 22 May 2018. An additional clover mowing 15 days after planting
(DAP) was necessary in 2017 to reduce clover encroachment into maize rows, but mowing was not
needed in the 2018 experiments. Herbicide suppression was used in both growing seasons to reduce
clover encroachment into maize rows and was achieved with a broadcast application of 2.3 L a.e. ha−1

(N-(phosphonomethyl) glycine) (glyphosate) 39 and 31 DAP in 2017 and 2018, respectively [5,6,16].
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2.4. Crop Sampling and Analysis

Clover biomass was sampled at 160 and 133 DAP maize in 2017 and 2018 by placing a 0.5-m2

quadrat between the center two maize rows and cutting clover biomass to a 1 cm height [16]. Maize
was harvested at physiological maturity by hand harvesting ears and cutting stalks to a 15 cm height
from 4.6 m in two rows in each plot. Maize stover was weighed in the field before a six-stalk subsample
was ground with a biomass chipper, collected, and weighed. Maize ears, stalks, and clover were dried
at 60 ◦C for 3 d until reaching a constant mass. Dry stover subsamples were weighed to determine field
moisture content to correspond with in-field measurements. Maize ears were shelled before dry grain
and cobs were weighed. Subsamples of grain, cob, stover, and kura clover were ground to < 0.1 mm
and analyzed for organic carbon and N with the Dumas dry combustion method in an elemental
analyzer (Elementar, Langenselbold, DE) [21]. The N content of crop components were combined with
corresponding dry biomass measurements to determine maize N uptake. Stover and cob yield and N
content were summed and are herein referred to as stover yield and N content, respectively.

2.5. Residual Soil Nitrogen

Post-harvest soil samples were collected with a 41-mm i.d. hydraulic coring device. Soils were
collected from the 0–30 and 30–60 cm soil layers in 2017 and 2018. Samples were homogenized and
weighed before a 10-g subsample of wet soil was added to 38 mL of 2M KCl, shaken at 120 rpm for
1 h, and filtered through 11-μm filter paper. The filtered extractant was analyzed for NO3-N (sum of
NO2-N and NO3-N) and NH4-N with the Greiss–Ilosvay with cadmium reduction and the sodium
salicylate-nitroprusside methods, respectively, each modified for flow-through injection analysis [22]
(Lachat, Loveland, CO, USA). A 5-g subsample of wet soil was dried at 105 ◦C until constant mass to
determine gravimetric water content. Core volume and mass were used to determine soil bulk density,
and soil N content was the product of soil N concentration and soil bulk density.

2.6. Economic Calculations

The partial net economic return was determined with a partial budget analysis of this study’s
KCLM experiments and conventionally managed maize hybrid trials, where maize hybrids followed
soybean and were greater than 99-day relative maturity, similar to the 102-day relative maturity hybrid
used in the KCLM experiments. Maize hybrid trials were conducted at Rosemount, MN, USA in
2017 (n = 27) and 2018 (n = 28) [23,24], and trial yields were compared to the corresponding growing
season of the KCLM experiments. Agronomic management costs that differed between conventional
and KCLM cropping systems included fertilizer N rate, spring tillage, spring mowing, fall tillage,
and baling operations. Baling operations included raking, round baling, bale transportation, bale
storage [25,26], and nutrient replacement costs associated with stover removal (1.65 kg P Mg−1 and
6.65 kg K Mg−1 dry stover) [27]. Management for conventional maize production was assumed as
spring field cultivation and fall disk-chiseling, while management for the KCLM system was based
on agronomic practices performed on experimental treatments with spring and in-season mowing,
rotary zone tillage, and baling operations with the associated nutrient replacement cost [17,26,27]. All
other costs, including land, P and K fertilization excluding stover nutrient removal replacement, seed,
planting, pesticide and application of pesticide, harvest costs, and miscellaneous costs were assumed
equal across treatments and conventional comparisons [26]. Net return from grain in the variety trials
and the KCLM experiments were the product of grain yield at the economic optimum fertilizer N rate
(EONR), which was determined from grain yield estimates of the fitted quadratic regression equations
where N cost was $0.86 kg−1 and the grain valued at $133 Mg−1 at 155 g kg−1 moisture. When there
was no grain yield response to fertilizer N, the EONR was set at 0 kg N ha−1. Net return from stover in
KCLM experiments was the product of stover yield at the EONR and stover value ($79.37 Mg−1) at
200 g kg−1 moisture [28]. A comparison of system performance was based on parameter estimates of
the fitted linear or quadratic regression of the response variables at the EONR when grain yield was
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affected by fertilizer N and the average response of the unfertilized treatment when grain yield was
not affected by fertilizer N.

2.7. Data Analysis

Data were analyzed separately for first- and second-year maize experiments, where the first-year
maize experiment was maize following forage management and the second-year maize experiment
was maize following maize after forage management. Dependent variables were evaluated using
restricted maximum likelihood in mixed effect models in the lme4 version 1.1-19 package of R version
3.5.2 [29], where growing season and N fertilizer treatment were considered fixed effects and block was
considered a random effect. Scatter and quantile-quantile plots of predicted versus residual values were
evaluated for homogeneity of variance and normality [30]. The requirements of normality and common
variance were met for all dependent variables except residual NH4-N, NO3-N, and total inorganic
N (NH4-N + NO3-N, TIN), which were therefore logarithm base 10 transformed and subsequently
evaluated for normality and common variance using the aforementioned procedures. The requirements
of homogeneity of variance and normality were met for NH4-N, NO3-N, and TIN following logarithm
base 10 transformation. The significance of fixed effects were determined with analysis of variance at
p < 0.05. When the main effect of growing season was significant, means were compared at p < 0.05
using pairwise comparisons with the emmeans version 1.3.3 package of R [31]. When the main effect of
fertilizer N treatment or the growing season-by-fertilizer N treatment interaction was significant, means
of the three treatments receiving a total of 120 kg N ha−1 were compared at p < 0.05 using pairwise
comparisons with the emmeans package of R. Regression of the non-transformed parameter response to
fertilizer N rate was conducted using the unfertilized treatment and the split SuperU N rate treatments
with the lme4 package of R, where quadratic and linear regression functions were evaluated using
analysis of variance and the quadratic function was used when p < 0.05.

3. Results

The 30-year (1981–2010) cumulative precipitation between 1 April and 31 October was 689 mm,
and actual precipitation was 798 and 772 mm in 2017 and 2018, respectively (Figure 1a). Accumulated
growing degree days were 1141, 1362, and 1435 for the climatic normal, 2017, and 2018, respectively
(Figure 1b).

Figure 1. (a) cumulative precipitation between 1 April and 31 October and (b) accumulated growing
degree days (base 10 ◦C and upper limit 30 ◦C) following planting for the 1981–2010 historic average
and the 2017 and 2018 experiment growing seasons.

3.1. First-Year Maize

First-year maize grain yield was not affected by growing season or fertilizer N treatment (Table 2).
Grain N yield was 9% greater in 2018 than in 2017. Stover and stover N yields were 25 and 34% greater
in 2018 than in 2017, respectively, and late-season clover yield was reduced by 77% in 2018 compared
to 2017.
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Post-harvest soil NO3-N and total inorganic N (NO3-N + NH4-N, TIN) in the 0–0.6 m layer were
affected by the interaction between growing season and treatment (Table 2, Figure 2a,b). Significant
differences among 120 kg N ha−1 treatments differing in N source and/or timing were found for NO3-N
and TIN. Residual NO3-N and TIN did not differ between treatments in 2018 but were greater in the
120 kg N ha−1 SuperU and pre-plant urea treatments relative to the split-urea treatment in 2017.

Figure 2. (a) response of post-harvest soil NO3-N and (b) total inorganic nitrogen (NO3-N +NH4-N,
TIN) to fertilizer nitrogen (N) rate for first-year maize in 2017 and 2018.

3.2. Second-Year Maize

There was a significant growing season-by-treatment interaction effect for maize grain, grain
N, and stover yields (Table 3, Figure 3a,b, Figure 4), but N rate and timing treatments were not
significantly different within a growing season. Late-season clover biomass responded negatively to
fertilizer N application in 2017 and biomass was reduced in 2018 relative to 2017. Clover biomass was
not significantly different between fertilizer N rate treatments in 2018 (Figure 5).

Figure 3. (a) response of grain yield and (b) grain N to fertilizer nitrogen (N) rate for second-year maize
in 2017 and 2018.
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Figure 4. Response of stover yield to fertilizer nitrogen (N) rate for second-year maize in 2017 and 2018.

 
Figure 5. Response of late season clover biomass yield to fertilizer nitrogen (N) rate for second-year
maize in 2017 and 2018.

Post-harvest soil NO3-N and TIN were significantly affected by growing season and treatment,
with greater soil N in 2018 than 2017 and increased residual N content with fertilizer N application
(Figure 6a,b). Nitrate-N and TIN did not differ between source and timing treatments within a
growing season.

Figure 6. (a) response of post-harvest soil NO3-N and (b) total inorganic nitrogen (NO3-N +NH4-N,
TIN) to fertilizer nitrogen (N) rate for second-year maize, across 2017 and 2018.
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3.3. Economic Performance

Fertilizer N was needed to maximize economic return from grain production in second-year
maize (Table 3). The EONR was 0 kg N ha−1 for first-year maize in both growing seasons, and 177 and
146 kg N ha−1 for second-year maize in 2017 and 2018, respectively. At the EONR, crop and soil N
variables were consistent, with approximately 13 Mg maize grain ha−1 and < 20 kg ha−1 of post-harvest
TIN in the 0–0.6 m layer (Table 4).

Table 4. Level of dependent variables in first- and second-year maize at the economic optimum nitrogen
rate (EONR) in 2017 and 2018.

Variable Unit
2017 2018

First-Year
Maize

Second-Year
Maize

First-Year
Maize

Second-Year
Maize

EONR † kg N ha−1 0 177 0 146
Grain Yield Mg ha−1 12.3 13.5 13.2 13.4
Grain N ‡ kg ha−1 126 142 141 150

Stover Yield Mg ha−1 6.2 7.0 8.5 8.4
Stover N kg ha−1 47.7 47.7 70.7 65.6

Clover Biomass kg ha−1 742 457 146 111
Residual TIN § 0–0.3 m kg ha−1 8.6 9.1 7.9 5.7
Residual TIN 0–0.6 m kg ha−1 2.4 4.5 10.3 10.3

† Economic optimum nitrogen rate (EONR). ‡ Nitrogen (N). § Total inorganic N (NO3-N + NH4-N, TIN).

Partial management cost, the sum of agronomic management costs that corresponded with treatment
management and yield at the EONR for the KCLM experiments and the conventional comparison, were
greater in the KCLM system than conventionally managed maize (Table 5). High spring tillage and
stover harvest, handling, and nutrient replacement costs (1.65 kg P Mg−1 + 7.65 kg K Mg−1, $6 Mg−1

dry stover) [27] increased the partial management cost in the KCLM system by $101–303 ha−1 relative
to conventional management. Nitrogen costs were reduced by $132 ha−1 in first-year maize, while the
cost of fertilizer N for second-year maize was similar to the conventional comparison.

Table 5. Partial management cost (in U.S. $ ha−1) for maize produced conventionally and in KCLM in
2017 and 2018.

Management Practice
2017 2018

Conventional
First-Year

KCLM
Second-Year

KCLM
Conventional

First-Year
KCLM

Second-Year
KCLM

Spring Mowing § 26.93 26.93 26.93
Spring Tillage 13.59 † 76.78 ‡ 76.78 ‡ 13.59 † 76.78 ‡ 76.78 ‡

Fertilizer N 131.88 0.00 148.68 131.88 0.00 122.64
Mowing § 26.93 26.93

Grain Handling and Storage § 231.10 170.53 186.58 215.88 182.48 185.09
Fall Tillage § 48.68 48.68

Raking § 13.10 13.10 13.10 13.10
Baling § 33.36 33.36 33.36 33.36

Bale Handling and Storage § 141.16 158.73 192.33 191.08
Stover Nutrient Removal 37.50 42.17 51.09 50.76
Partial Management Cost 425.25 526.29 713.26 410.03 576.08 672.81

Costs obtained from † [32], ‡ [17], § [26], [28]. Practices not listed are assumed to be equal between management
systems (Table A1).

Net return from maize grain was reduced in the KCLM system compared to conventional
management due to reduced yield and increased partial management cost. Net return was greater in
2018 than 2017 due to greater stover yields in first- and second-year maize. Additional revenue from
stover harvest increased the partial economic net return of the KCLM system averaged between first-
and second-year maize to $-42 ha−1 and $318 ha−1 in 2017 and 2018, respectively (Table 6).
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Table 6. Economic return (in U.S. $ ha−1) for maize produced conventionally and in KCLM in 2017
and 2018.

Growing Season 2017 2018

Management Conventional
First-Year

KCLM
Second-Year

KCLM
Conventional

First-Year
KCLM

Second-Year
KCLM

Fixed Management Cost † 1235.47 1235.47 1235.47 1235.47 1235.47 1235.47
Partial Management Cost ‡ 425.25 526.29 713.26 410.03 576.08 672.81

Grain Value § 2221.10 1638.95 1793.20 2074.80 1753.83 1778.87
Stover Value – 619.13 696.19 – 843.57 838.07

Net Return 560.38 496.32 540.66 429.30 785.85 708.66

Partial Economic Net Return # – −64.06 −19.72 – 356.55 279.36

† Fixed management cost: the sum of land rental, phosphorus and potassium fertilizer not associated with stover
removal, fertilizer application, seed, planting, pesticide and application, harvest, labor, and miscellaneous (Table A1).
‡ Partial management cost (Table 5). § Grain value: $133 Mg−1 at 155 g kg−1 moisture. Stover value: $79.37 Mg−1

at 200 g kg−1 moisture [25]. # Partial economic net return is the net return of the treatment minus the net return of
conventional management in the same growing season.

4. Discussion

Results from this study demonstrate that kura clover living mulch may be integrated into current
cropping systems to provide economic and environmental benefits. Net economic return at the EONR
in the KCLM system was similar or superior to the conventional comparison for first- and second-year
maize in both growing seasons. Maize grain yield was reduced and management costs were increased
in the KCLM system relative to the conventional comparison, but the added value from maize stover
maintained or increased economic net return. With KCLM, residual soil TIN was <20 kg N ha−1 in the
0–0.6 m soil layer at the EONR in first- and second-year maize in both growing seasons. Additionally,
KCLM has been shown to protect soils from erosion, decreasing the risk of degradation to soil and
water resources during vulnerable fall and spring months when soils under conventional management
are fallow [33,34].

Maintaining clover vigor in a KCLM system is challenging since spring clover regrowth is affected
by variable weather conditions, maize production requires intensive clover suppression management,
and shade from maize limits mid- and late-season clover growth [4]. Snowfall (25 cm) at the study
site on 16 April 2018 delayed spring clover growth and development relative to 2017 and eliminated
the need for mowing prior to row establishment in second-year maize. Following row establishment
and maize planting, rapid growing degree day accumulation and maize development shaded the
clover canopy before a second mowing was needed to manage competition between clover and maize.
Less aggressive in-season suppression management in 2018 reduced mechanical clover disturbance,
but late-season clover biomass was reduced by three-quarters relative to 2017 due to heavy shading.
Management to mitigate reductions in clover biomass and vigor due to shading is limited, but may be
important to reduce clover recovery time in the following spring [1,4].

Agronomic management preceding row crop production in KCLM influences N contributions
during the maize year. Second-year maize grain yield was affected by the interaction between growing
season and treatment, where grain yield for non-N-fertilized maize in 2018 was 4.8 Mg ha−1 greater and
increased more gradually with applied N than in 2017. These differences may be attributed to differences
in weather during the growing season or grain yield level. However, cumulative precipitation and
growing degree day accumulation were similar in both growing seasons, and first-year maize did not
respond to treatment, growing season, or the interaction of these factors. Thus, it is most likely that the
number of years in forage management prior to treatment application was the main factor affecting
maize yield response to fertilizer N in second-year maize experiment, confirming previous findings for
maize following alfalfa (Medicago sativa) [35,36].

Forage legumes increase the soil labile N pool relative to fertilized maize systems [37,38]. Forage
stands ≥3 yr. old at termination often accumulate enough labile organic N to eliminate the need
for fertilizer N in first-year maize [35] and in many cases second-year maize [36,39]. While labile N
accumulates under forage legume production, intensive grazing or harvest of sole kura clover reduces
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root and shoot biomass productivity over time [40,41]. The intensity of mechanical and chemical
suppression of KCLM in the spring disturbs root and shoot tissues [17], while maize reduces late-season
clover biomass due to competition for light and plant resources [42]. The translocation of metabolites
from root biomass during the spring flush of clover growth and limited opportunity for biomass
recovery in living mulch management is likely to exacerbate the decline of root biomass, spring vigor,
and clover health. Rapid root accumulation after the establishment year has been observed in other
forage legumes, where root biomass doubled between the first and second year of establishment [43].
The additional year of forage management preceding treatment application in 2018 relative to 2017
may have allowed for greater recovery of root biomass and accumulation of labile N. The magnitude
of these accumulated N pools was large enough to reduce fertilizer N requirements for two years of
maize production when the clover was managed as forage for ≥2 yr.

The relationships between clover forage production, maize production, and N contributions from
the KCLM-maize cropping system add complexity to the current understanding of N management in
these systems. Early studies found that KCLM systems supply most or all of the N requirements for
maize [1], suggesting that N contributions from KCLM are supplied in the same year as biological N
fixation. Although the response to fertilizer N in second-year maize may have been partially influenced
by fall and spring growing conditions and maize development, both of which influence clover growth,
early-season clover growth and vigor are closely linked to clover root biomass [40]. The number of years
in forage preceding first-year maize is likely an important factor for re-accumulation of root biomass
that is translocated to shoots in early spring, linking clover root biomass, spring vigor, and mineralized
clover biomass N following suppression management. This study suggests that the N contribution from
the living mulch is supplied in-season following row establishment and suppression management, and
that mineralized N is sourced from labile and biomass N pools accumulated during forage management.
First-year maize following ≥ 2yr of forage management does not need fertilizer N and second-year
maize requires fertilizer N near University guidelines for maize following soybean. Additional research
is needed to confirm these relationships with a greater number of rotation management variables, and
to quantify the effect of KCLM management on root biomass pools. Optimization of crop rotation
in KCLM systems may balance the health of the clover and the row crop to realize sustainable N
contributions over a greater number of growing seasons.

5. Conclusions

Maize grown in KCLM was economically similar or superior to that produced conventionally due
to additional income from maize stover harvest. Kura clover living mulch reduced the fertilizer N
requirement for first-year maize in both growing seasons and second-year maize in 2018 relative to
the conventional comparison. These benefits promote the use of KCLM systems for continuous maize
production; however, further optimization is needed to reduce adoption barriers of KCLM-maize systems.
Barriers to adoption of KCLM systems for maize production include slow clover establishment, which
may take land out of production for a full growing season, the need for specialized row establishment
equipment, suppression management operations that require multiple passes during the spring planting
season and required maize stover harvest that can be challenging during wet fall conditions. These
adoption barriers may be offset by agronomic benefits of KCLM systems, including the potential to
reduce P and K application rates by up to one-half through band application with the rotary zone tillage
tool relative to broadcasting [44,45]. Additionally, increased water infiltration in KCLM systems [11]
may distribute precipitation over the landscape more evenly, reducing areas affected by flooding and
reducing the time from rainfall until field conditions are suitable for field operations. Potential avenues
for system optimization may include research to speed clover establishment, utilization of strip-tillage
equipment that is more readily available than the rotary zone tillage tool, suppression techniques
to reduce root and rhizome biomass disturbance, and alternative row-crop rotations. Alterations in
agronomic management should consider potential impacts on mineralization of accumulated organic
N pools and how this may affect the fertilizer N requirement of row crops. Research to address these
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constraints may improve the competitiveness of KCLM systems with conventional cropping systems,
leading to increased adoption and realized environmental and economic benefits of KCLM systems.
Kura clover living mulch-row crop systems may be an important strategy for reducing the negative
impacts of agricultural production on water quality and soil health through improved water infiltration
into soils, reduced residual soil N following row crops, increased protection against soil erosion, and
increased gross crop productivity.
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Appendix A

Table A1. Fixed costs associated with grain production in conventional and KCLM systems.

Input (Unit) $ unit−1 $ ha−1 †
Land - 500

Fertilizer P ‡ (kg) 0.86 57.84
Fertilizer K (kg) 0.60 32.28

Fertilizer Application - 8.90
Seed (1000 seeds) 3.26 280.36

Planting - 26.69
Herbicide - 69.19
Insecticide - 57.58
Spraying - 10.38
Harvest - 73.14
Labor - 96.87

Miscellaneous - 22.24

Total 1235.47

† Estimates were obtained from Plastina, 2018. ‡ Phosphorous (P). Potassium (K).
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Abstract: Crop producers transitioning to an organic cropping system must grow crops organically
without price premiums for 36 months before certification. We evaluated red clover-maize,
maize-soybean, and soybean-wheat/red clover rotations in organic and conventional cropping
systems with recommended and high inputs in New York, USA to identify the best rotation
and management practices during the transition. Organic compared with conventional maize
with recommended inputs in the maize-soybean rotation (entry crop) averaged 32% lower yields,
$878/ha higher production costs, and $1096/ha lower partial returns. Organic maize compared with
conventional maize with recommended inputs in the red clover-maize rotation (second transition
crop) had similar yields, production costs, and partial returns. Organic compared with conventional
soybean with recommended inputs in soybean-wheat/red clover or maize-soybean rotations had
similar yields, production costs, and partial returns. Organic compared with conventional wheat
with recommended inputs in the soybean-wheat/clover rotation had similar yields, $416/ha higher
production costs, and $491/ha lower partial returns. The organic compared with the conventional
soybean-wheat/red clover rotation had the least negative impact on partial returns during the
transition. Nevertheless, all organic rotations had similar partial returns ($434 to $495/ha) so
transitioning immediately, regardless of entry crop, may be most prudent. High input management
did not improve organic crop yields during the transition.

Keywords: organic cropping system; maize; soybean; wheat; partial returns

1. Introduction

Organically-produced maize (Zea mays L.), soybean {Glycine max (L.) Merr.} and wheat
(Triticum aestivum L.) have substantial price premiums, providing market incentives for organic
production. Downward trends in prices of all three crops have prompted some crop producers,
who practice maize-soybean or maize-soybean-wheat/red clover (Trifolium pretense L.) rotations,
to contemplate transitioning from conventional to an organic cropping system. The United States
Department of Agriculture (USDA), however, requires a 36-month transition period that prohibits
the use of genetically modified (GM) crops, synthetic fertilizer, pesticides, etc., before the land can
be certified as organic and eligible for the organic price premium [1]. Furthermore, comprehensive
survey data indicated that organic compared with conventional maize, soybean or wheat production,
despite higher profits, had lower yields and higher/ha production costs [2]. Consequently, a major
deterrent for conventional crop producers who wish to transition to an organic cropping system is
the potential loss of significant profit during the transition. Identification of the best entry crop (first

Agronomy 2018, 8, 192; doi:10.3390/agronomy8090192 www.mdpi.com/journal/agronomy249



Agronomy 2018, 8, 192

year transition crop) and subsequent rotation during the transition to an organic cropping system
is essential for maintaining cash flow on the farm, especially given the relatively low cash receipts
received by maize, soybean and wheat growers in recent years [3].

Numerous studies comparing organic and conventional cropping systems have been conducted.
In a study established in 2002 near Morris, Minnesota, USA, organic compared with conventional
maize yielded 34% lower, whereas organic compared with conventional soybean yielded statistically
similar (but 15% numerically lower) from 2002–2005 when comparing 2-year conventional and organic
maize-soybean rotations [4]. Organic maize yielded lower mostly due to lack of available soil N,
associated with low N content of the solid dairy manure applied to organic maize. Despite $425/ha
lower seed, fertilizer and pesticide costs, the 2-year organic compared with the 2-year conventional
rotation had $128/ha higher production costs associated with higher labor, diesel, manure hauling,
and machinery ownership costs. Consequently, the organic compared with the 2-year conventional
rotation had $511/ha lower net present value during the transition because of lower yields, higher
production costs, and the absence of an organic premium [4].

In this same study, the entry crop into an organic cropping system had a major impact on risks
and returns during the transition phase [5]. Based on yield data and inputs from the same study,
soybean as the entry crop provided a $283 advantage of net present value compared with maize in the
maize-soybean organic rotation. In the 4-year organic rotation, wheat as the entry crop provided a
$229 advantage over other entry crops [5]. Nevertheless, a simple dynamic adoption model indicated
that transitioning to an organic cropping system as rapidly as possible, regardless of the entry crop,
would result in the highest expected long-term profit [5].

In another Minnesota study established near Lamberton, organic maize in a maize-soybean-oat
(Avena sativa L.)/alfalfa-alfalfa (Medicago sativa L.) rotation yielded similarly as conventional maize
in a maize-soybean rotation from 1993–2009 [6]. Organic compared with conventional soybean,
however, yielded 25% lower in their respective rotations over the same period. Organic compared
with conventional maize, despite higher machinery costs, had $86/ha lower production costs because
of lower seed costs as well as no herbicide costs [7]. Likewise, organic compared with conventional
soybean had $101/ha lower production costs, primarily because of lower weed control costs. When
factoring in the organic price premium (2.17 price ratio for maize and 2.27 for soybean), the 4-year
organic rotation had $527 net revenue compared with $295 for the 2-year conventional rotation [7].

Machinery ownership costs, however, were not included in the first analyses of this study. When
comparing the 4-year organic rotation with the 2-year conventional rotation, machinery ownership
costs averaged $146/ha across organic farm sizes of 130, 225 and 325 ha compared with $183/ha across
conventional farm sizes of 225, 455, and 630 ha [8]. The organic rotation had net returns of $114,000
compared with conventional net returns of $72,000 for a 225-hectare farm [8]. The organic rotation also
had net returns of $296,000 for the largest farm size (325 ha), compared with conventional net returns of
$220,000 for its largest farm size (630 ha), despite the farm-scale advantage for conventional production.

In a study established in 1990 in Wisconsin, USA, a no-till (NT) conventional maize-soybean
rotation compared with an organic maize-soybean-wheat rotation averaged $130 and $408 higher
economic mean returns, respectively, in the absence of organic premiums [9]. In the presence
of government payments and organic premiums, the organic maize-soybean-wheat rotation had
$321 and $165 higher economic mean returns, respectively, compared with the conventional NT
maize-soybean rotation [9]. The conventional NT maize-soybean rotation yield trend, however,
averaged 151 kg/ha/year compared with 101 kg/ha/year for the organic maize-soybean-wheat
rotation from 2009 to 2012 [10], perhaps because of technological advances in the conventional cropping
system and/or increased weed competition in the organic cropping system.

In a cropping system study established in 1996 in Maryland, USA, organic maize in
a maize-soybean-wheat/vetch (Vicia vilossa Roth) rotation yielded 28% lower compared with
conventional NT maize in a maize-soybean-wheat/soybean rotation during the transition years
from 1996 to 1998 [11]. After the transition period, organic compared with conventional maize
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yielded 40% lower in their respective 3-crop rotations [11]. The lower organic maize yields were
associated mostly with low soil N availability (73%) and weed competition (23%). After the
transition period, organic soybean compared with NT conventional soybean yielded 24% lower
in their respective 3-crop rotations because of greater weed competition [11]. In the 3-year period
(2000–2002) following the transition, the organic compared with the conventional cropping system,
despite lower maize and soybean yields, had $514/ha greater net returns [11]. Economic risk in
the 3-year organic system, however, was 3.9 times greater compared with a 6-year organic rotation
(maize/rye (Secale cereale L.)-soybean-wheat-alfalfa-alfalfa-alfalfa).

In a study, established in Iowa, USA, maize and soybean in an organic maize-soybean-oat/
alfalfa-alfalfa rotation compared with a conventional maize-soybean rotation yielded similarly during
the transition [12], resulting in higher profitability for the organic cropping system because of lower
production costs [13]. In the second phase of the study, maize and soybean again yielded similarly
between cropping systems so the organic cropping system was far more profitable because of lower
production costs in maize and higher prices received for organic maize and soybean [14].

Long-term cropping system experiments, though beneficial, are somewhat limited in the analyses
of conventional vs. organic cropping systems because management practices are fixed, and the
“human” management factor of organic production is missing [2]. Agricultural Resource Management
Survey (ARMS) data from 2010 was used for maize (794 conventional and 451 organic farms);
2009 ARMS data for wheat (1641 conventional and 1458 organic farms); and 2006 ARMS data
for soybean (748 conventional and 478 organic farms) to compare conventional and organic crop
production [2]. Organic maize, soybean, and wheat had higher economic costs ($205 to $242/ha;
$261 to $309/ha; and $135 to $153/ha higher, respectively) because increased costs for fuel, repair,
capital, and labor offset lower seed, fertilizer and chemical costs. Furthermore, organic maize, soybean,
and wheat compared with conventional crops yielded much lower (27%, 34%, and 32%, respectively).
Consequently, organic compared with conventional producers had higher average economic costs
per metric ton or Mg ($76 to $89/Mg, $143 to $164/Mg, and $243 to $287/Mg higher, respectively).
Nevertheless, net economic returns were greater for organic compared with conventional maize and
soybean producers ($126 to $163/ha, and $54 to $101/ha higher, respectively) because of the organic
price premiums (~2.85 and ~2.25 ratios, respectively). Net economic returns for organic compared
with conventional wheat, however, were slightly lower ($−5 to $−23/ha), despite the organic price
premium (~2.4 price ratio). The survey data indicate that the price premium is crucial for profitability
in organic maize, soybean, and wheat production because of lower yields and higher production costs.

A major deterrent to adoption of organic crop production is the uncertainty associated with
selection of the best first year transition (entry) crop and subsequent rotation during the 36-month
period when organic premiums do not exist [5]. Another deterrent is that novice organic crop producers
are uncertain of the best organic management practices to use during the transition and beyond [5].
Two objectives of this study are: (a) to identify the best entry crop and subsequent organic rotation that
results in the best partial economic returns to the organic cropping system during the transition,
and (b) to evaluate recommended and high input organic management practices (organic seed
treatment, and high seeding and high N rates) to determine if high input management increases
weed competitiveness and improves soil N availability for organic crops.

2. Materials and Methods

We initiated a 4-year cropping system study at a Cornell University research farm near Aurora,
NY, USA (42◦44′ N, 76◦40′ W) in 2015 to evaluate different sequences of the maize-soybean-wheat/red
clover rotation. Winter wheat was not planted in the fall of 2014 before the onset of the study.
Instead, red clover was seeded in mid-July of 2015 into bare soil to insure a green manure crop for
the subsequent maize crop in 2016. Our three sequences during the transition thus included red
clover-maize, soybean-wheat/red clover, and maize-soybean in 2015 and 2016 when organic crops
were not eligible for an organic price premium. The 36-month transition period consisted of only two
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growing seasons in this study because the previous crops before the transition did not receive any
prohibited inputs after June of 2014. Thus the 2017 crops were eligible for the organic price premium
because they were harvested in July (wheat), October (soybean) and November (maize).

Three contiguous experimental fields (220 m × 40 m) with similar tile-drained silt loam soil
(fine-loamy, mixed, mesic, Glossoboric Hapludalfs) but different previous crops in 2014 (spring barley,
maize, and soybean) were used in the study. The experimental design is a split-split plot
(four replications) with previous crops as whole plots, cropping systems (conventional and organic) as
sub-plots, and management inputs (recommended and high inputs) as sub-sub plots. The entire 40 m
lengths were planted to maize, soybean or winter wheat in each field, but plot length was shortened
to 30 m to allow for 5 m borders on the north and south sides of the plots. Also, 3 m borders were
inserted between sub-plots (cropping systems) to minimize spray drift or fertilizer movement from
conventional into organic plots. Likewise, 3 m border plots were inserted between each sub-subplot to
minimize border effects from each crop, which differed in height. To ensure that the 3 m border plots
between sub-plots were adequate to minimize spray drift from conventional to organic plots, we only
sprayed the conventional plots early in the morning when wind speed was less than 5 km/h. We did
not plan to market the crops produced organically as organic in future years, so the 5 m borders were
adequate for our study. Whole plot dimensions were 216 m wide and 30 m long, sub-plot dimensions
were 27 m wide and 30 m long, and sub-subplot dimensions were 3 m wide and 30 m long.

Maize and soybean strips were moldboard plowed from 18–20 May in both years, followed by
secondary tillage the following day. Maize and organic soybean were planted in 0.76 m row spacing
immediately after secondary tillage in both years. Conventional soybean strips were also planted on
the same day but in the typical 0.38 m row spacing. The maize and soybean planting dates, which
were delayed so some early-season weeds could emerge before plowing in the organic cropping
system, were just after the optimum planting dates for both crops (25 April–20 May for maize and
6 May–17 May for soybean) at this site.

Table 1 lists the management inputs for maize, soybean, and wheat for both years. Major
differences between conventional and organic maize include (a) a treated (insecticide/fungicide seed
treatment) GM (genetically modified) hybrid, P9675AMXT (Optimum®AcreMax®XTreme), with the
AMXT, LL (Liberty Link) and RR2 (Roundup Ready 2) traits, versus the non-GM isoline, P9675 (no seed
treatment in recommended input but an organic seed treatment, Sabrex, mixed in the seed hopper in
the high input treatment), (b) 280 kg/ha of 10-20-20 (N-P-K analysis, respectively) versus 365 kg/ha
of composted manure (5-4-3 analysis) as starter fertilizer, (c) 135 to 180 kg N/ha side-dressed in 2015
and 0 to 56 kg N/ha when following red clover in 2016 (recommended and high input treatments,
respectively) with a liquid N source (32-0-0 analysis) versus the same N rates in organic maize with
composted chicken manure applied pre-plant and (d) a single Glyphosate herbicide application for
weed control in conventional versus tine weeding, followed by a close cultivation to the row, followed
by two additional cultivations between the rows for organic maize. We estimated that 50% of the N
from the composted poultry manure would be mineralized and available to organic maize. Seeding
rates of 73,000 kernels/ha were used in recommended input and 86,500/ha in high input treatments
of both cropping systems. We selected a non-GM isoline for organic maize instead of an organically
developed and produced hybrid so we could determine how management practices (and not hybrid
selection) affected yield and partial returns.
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Maize was harvested with a small plot Almaco combine (Nevada, IA, USA) in November in
both years when grain moistures were ~18%. An approximate 1000 g sample was collected from
each sub-subplot to determine grain moisture and grain N% concentrations (by combustion with a
LECO CN628 Nitrogen Analyzer, LECO Corporation, St. Joseph, MI, USA). Yields were adjusted to
15.5% moisture. Grain moisture differences were less than 1% between cropping systems so will not
be reported.

Major differences between conventional and organic soybean include (a) treated (insecticide/
fungicide seed treatment) GM variety, P22T41R2 with the RR2Y and SCN traits versus a non-GMO
variety, 92Y21 (organic seed treatment mixed in the seed hopper of the high input treatment), (b) 0.38 m
versus 0.76 m row spacing (for cultivation of weeds in organic soybean), and c) a single Glyphosate
herbicide application for weed control versus tine weeding, followed by close cultivation to the row,
followed by three additional cultivations between the rows, respectively (Table 1). Seeding rates of
370,500 and 494,000 seeds/ha were used for recommended and high input treatments in both cropping
systems. Conventional soybean in the high input treatment also received a fungicide (Fluxapyroxad +
Pyraclostrobin at ~300 mL/ha) application at the early pod stage (R3 stage) in late July for potential
disease problems and overall plant health. We did not fertilize soybean because conventional soybean
growers typically do not use fertilizer on soybean.

Soybean was harvested on 23 September 2015 at ~11% moisture wheat was no-tilled into soybean
stubble with a 1590 John Deere no-till drill (Molina, IL, USA) in 0.19 m rows the following day in
2015. We decided to no-till wheat because of the paucity of visible weeds, especially winter perennial
weeds, in both cropping systems. Soybean developed green stem in 2016 and was not harvested until
November 9, too late to plant wheat after soybean in this environment.

Major differences between conventional and organic wheat include (a) a treated (insecticide/
fungicide seed treatment) soft red winter wheat variety, 25R46, versus the untreated 25R46,
(b) 225 kg/ha of 10-20-20 (N-P-K analysis) versus 175 kg/ha of composted chicken manure (5-4-3,
N-P-K analysis) as starter fertilizer, (c) and top-dressing with 80 kg N/ha in late March or 56 kg N/ha in
late March + 56 kg N/ha in late April in the recommended and high input treatments, respectively with
ammonium nitrate (33-0-0) versus 80 kg N/ha (late March) or 56 kg N/ha (pre-plant) + 56 kg N/ha in
late April in recommended and high input treatments, respectively with composted chicken manure
(Table 1). We also applied an herbicide (thifensulfuron + tribenuron) in the fall and a fungicide
(Prothioconazole + Tebuconazole) in the spring in high input conventional wheat. We frost-seeded red
clover at ~30 kg/ha into all the wheat treatments in early March to provide N to the subsequent maize
crop in 2017. Wheat was harvested on 7 July of 2016.

Maize densities were taken immediately before tine weeding (~1–2 days after 90% emergence) and
again at the 9th leaf or V9 stage, after the completion of mechanical weed control practices, by counting
all the plants along the 30 m plot length of the two harvest rows. The first maize density measurement
was taken to determine if the treated GMO maize hybrid and non-treated non-GMO maize isoline
differed in emergence rates and plant establishment. The second measurement was taken to determine
the extent of maize damage by mechanical weed control practices (tine weeding, a close cultivation,
and three in-row cultivations) in organic maize. Soybean densities were also taken immediately before
tine weeding (~1–2 days after 90% emergence) to determine emergence rates and again a few days
before harvesting to determine final soybean densities by counting all the soybean plants in three
1.52 m2 regions along the 30-m harvest rows (2 center rows in organic soybean and 4 center rows in
organic soybean). Weed densities were determined in maize by counting all the weeds taller than 5 cm
in height along the 30 m length of the two harvest rows at the V14 stage, the end of the critical weed-free
period for maize in this environment [15]. Weed densities were also determined in soybean by counting
all visible weeds along the 30 m length of the entire 3.3 m wide soybean plot at the pod-filling stage
(R4 stage), the end of the critical weed-free period for soybean in this environment. Predominant
weed species in both crops included Polygonum convovulus, Chenopodium album, Echinochloa crus-galli,
Polygonum pensylvanicum L., Setaria vidis, Ambrosia artemisifolia and Amaranthus retroflexus.
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Wheat densities were taken about a week after emergence by counting all wheat plants in three
1.52 m2 regions along the 30-m harvest rows (8 center rows). Weed densities were also determined
in wheat by counting all visible weeds along the 30 m length of the entire 3.3 m wide wheat plot in
early April, during the active spring tillering period in this environment. Predominant weed species,
which not differ among previous crops or between cropping systems, included Taraxacum officinale F.H.
Wigg, Malva neglecta Wallr., Stellaria media (L.) Vill., and Lamium amplexicaule L. Wheat was harvested
with a small plot Almaco combine (Nevada, IA, USA) in early July. An approximate 1000 g sample
was collected from each sub-subplot to determine grain moisture and grain N concentrations by
combustion (LECO CN628 Nitrogen Analyzer, LECO Corporation, St. Joseph, MI, USA). Yields were
adjusted to 13.5% moisture.

Costs for the different management inputs for the three crops in the two cropping systems are
listed in Table 2. Production costs for organic maize and wheat will be somewhat inflated because of
the use of composted chicken manure as the major N source (~13× higher cost/kg of N compared
with liquid N in conventional maize and ammonium nitrate in wheat). We used composted chicken
manure in organic maize and wheat because of its known analyses of N-P-K and its ease in calibration
and application with a fertilizer spreader. We wished to avoid the problems with the use of solid
animal manure in previous studies, which did not accurately estimate the N content [4,8]. Also,
conventional maize received only a single application of Glyphosate compared with the typical two or
more herbicide applications used by most growers because moldboard plowing reduced the need for
supplemental weed control chemicals. Most maize growers use reduced tillage or no-till, which results
in more chemical use and higher weed control costs. Our weed control costs were thus significantly
lower than typical in conventional maize. Consequently, production costs are skewed in favor of
conventional maize and wheat.

Table 2. Costs of variable inputs, including seed, hopper seed treatments, (inoculant for conventional
soybean and Sabrex for organic crops), starter fertilizer, N fertilizer, herbicide, and fungicide in
conventional and/or organic soybean, maize, and wheat.

Input Conventional Organic

$

Soybean

Seed/140,000 81.95 (including seed treatment) 50.95
Seed Treatment 48.80/g (Cell-Tech inoculant) 200/g (Sabrex)

Herbicide 280/L (Glyphosate) -
Fungicide 2130/L (Fluxapyroxad + Pyraclostrobin) -

Maize

Seed/80,000 330 (including seed treatment) 240
Seed Treatment - 200/g (Sabrex)
Starter Fertilizer 448/tonne (Mg) 325/tonne (Mg)

Side-dress N 0.99/kg N 12.76/kg N
Herbicide 280/L (Glyphosate) -

Wheat

Seed/bag 31 (including seed treatment) 24
Seed Treatment - 200/g (Sabrex)
Starter Fertilizer 448/tonne (Mg) 325/tonne (Mg)

Herbicide 276/mL -
Top-dress N 0.99/kg N 12.76/kg N
Fungicide 1325/L (Prothioconazole + Tebuconazole) -

Soybean prices received by NY farmers averaged $0.345/kg in 2015 and 2016, maize prices
averaged $0.156/kg in 2015 and 2016, and the wheat price averaged $0.149/kg in 2016 [16]. Economic
analyses focused on enterprise budget items that differed among the treatments, namely the value of
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production associated with yield differences as well as cost differences for inputs for maize, soybean
and wheat. Returns to variable and fixed inputs that do not differ between conventional and organic
soybean production under recommended and high input management were calculated for the three
crops. Our selected variable inputs include: Seed, fertilizer, and other inputs (inoculant, organic seed
treatment, herbicide, and fungicide); labor and machinery operating inputs (repairs and maintenance,
fuels and lubricants), excluding tillage, planting and harvesting tasks, except for hauling, where hauling
cost is a function of yield [17]. Cost of production values reported for fixed inputs exclude farm
machinery ownership costs for tillage, planting and harvest, land charges, and values of management
inputs. Grain moistures did not differ between organic and conventional maize, and grain drying is
not required for soybean and wheat, so we did not include those production costs in maize.

Previous crop (2014 crops), cropping systems (conventional and organic), and management inputs
(recommended and high) were considered fixed and replications m (and years) random for statistical
analyses for individual years and averaged across years using the REML function in the MIXED
procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC, USA). For statistical analyses of the partial
returns data for the 2-year transition, rotations were considered a fixed variable and a sub-sub plot
within cropping systems. Fields with different previous crops (2014 crops) had yield differences for
maize and soybean in 2015 but did not have any interactions with cropping systems and rotations.
Consequently, the data will be pooled across previous crops (the three contiguous fields) for each year.
Least square means of the main effects (cropping system and management inputs) were computed
and means separations were performed on significant effects using Tukey’s HSD (Studentized Range)
test, with statistical significance set at p < 0.05. Differences among least square means for cropping
system interactions were calculated also using Tukey’s HSD test. Two-way interactions (cropping
system by management inputs) were detected for some variables so the interaction comparisons will
be presented. Simple correlations (Pearson) among all measurements within each year were calculated
using CORR in SAS.

3. Results and Discussion

3.1. Agronomic

Table 3 shows the agronomic maize data for 2015 and 2016. Organic compared with conventional
maize in the maize-soybean rotation yielded 32% lower as an entry crop in 2015 when averaged across
management input treatments. Organic compared with conventional maize had ~8% lower plant
densities at the 9th leaf stage (V9), when all cultivations to organic maize had been completed, mostly
due to cultivation damage [18]. Despite the close and repeated cultivations, organic compared with
conventional maize had almost 5x higher weed densities. In addition, organic maize had very low
grain N% concentrations (1.06%) compared with conventional maize (1.32%). Excessive precipitation
(276 mm) from planting on 21 May to silking on 27 July probably leached or denitrified a considerable
amount of the N in the pre-plow application of composted chicken manure [18].

In contrast, the experimental site received 98 mm of precipitation from the side-dressing N
application (26 June) to silking, allowing for most of the side-dressed N to be available to conventional
maize. Grain yield had a strong positive correlation with grain N% concentrations (r = 0.81, n = 48)
and a strong negative correlation with weed densities (r = −0.78, n = 48). These results agree with
findings that have reported lower organic maize yields during the transition because of limited soil N
availability and weed competition [4,11].

In 2016, however, organic maize as the second-year transition crop in the soybean-maize rotation
yielded similarly as conventional maize and input management did not influence yields. Maize yields
were very low, however, because of exceedingly dry conditions from April through July (222 mm),
which greatly reduces maize yields in northern latitudes of the USA [19]. It was also the driest (75 mm)
19 May (planting date) through 20 July (silking date) period in 61 years of record keeping at the
experimental site [19]. Maize and weed densities were much lower in 2016 compared with 2015
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undoubtedly because the exceedingly dry soil conditions reduced maize and weed emergence. Grain
N% concentrations, however, were much greater because there was no leaching or denitrifying of
applied N, as well as the concentration effect of grain N% associated with low yields. Grain yield did
not correlate with weed densities nor grain N concentrations in 2016. Grain yield did correlate with
maize densities (r = 0.45, n = 48) because plant densities were below threshold plant densities where
yields decline, even in dry years [19].

Table 3. Maize densities at the 9th leaf stage (V9), weed densities at the V14 stage, yield, grain N
content and revenue of maize in 2015 in 2016 under conventional and organic cropping systems at
recommended and high input management in central NY.

Year

Treatment 2015 2016 Mean

Maize densities-V9 stage (plants/ha)

Conventional
Recommended 72,158 b + 56,566 c 64,362 c

High Input 86,391 a 65,606 a 75,999 a
Organic

Recommended 64,750 c 51,472 d 58,111 d
High Input 80,819 ab 60,648 b 70,734 b

Weed densities-V14 stage (weeds/m2)

Conventional
Recommended 0.47 a 0.27 b 0.37 a

High Input 0.39 a 0.18 b 0.29 a
Organic

Recommended 2.41 b 0.99 a 1.70 c
High Input 2.13 b 0.64 a 1.39 b

Yield (kg/ha)

Conventional
Recommended 10,321 a 7156 a 8739 a

High Input 10,545 a 7783 a 9164 a
Organic

Recommended 6905 b 7093 a 6999 b
High Input 7281 b 7156 a 7219 b

Grain N (%)

Conventional
Recommended 1.32 a 1.56 ab 1.44 a

High Input 1.33 a 1.68 a 1.51 a
Organic

Recommended 1.05 b 1.51 b 1.28 b
High Input 1.06 b 1.61 a 1.34 b

Revenue ($/ha)

Conventional
Recommended 1611 a 1116 a 1364 a

High Input 1645 a 1214 a 1430 a
Organic

Recommended 1077 b 1107 a 1092 b
High Input 1136 b 1116 a 1127 b

+ Treatment interaction means within the same column followed by the same letter are not significantly different
according to Tukey’s HSD (Studentized Range) test at the 0.05 level.

Table 4 shows the agronomic data for soybean in 2015 (soybean-wheat/red clover rotation) and
2016 (maize-soybean rotation). Organic and conventional soybean with recommended inputs yielded
similarly in both years, but there was a cropping system × management input interaction in 2015.
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Organic soybean did not respond to high inputs, but conventional soybean showed a 9% yield increase
in 2015. Conventional soybean with recommended inputs had plant densities above the threshold
for maximum yield in this environment [20] and very low weed densities so neither should have
contributed greatly to the yield increase in the high input treatment in 2015. Nevertheless, seed yields
in 2015 had a weak correlation with plant densities (r = 0.31, n = 48) and a weak negative correlation
with weed densities (r = −0.36, n = 48). There was a cropping system × input management interaction
for seed mass in 2015 with a 6 mg increase in seed mass for conventional soybean with high inputs, but
no increase in seed mass for organic soybean with high inputs. The fungicide application to high input
conventional soybean may have improved overall plant health resulting in greater seed mass and the
9% yield increase. Seed yield did not correlate with soybean densities or weed densities during the dry
2016 growing season. The organic soybean yield data agree with a Minnesota, USA study that showed
that organic and conventional soybean yielded similarly during the transition [4].

Table 4. Harvest plant densities, weed densities at the full pod stage (R4), seed yield, and revenue of
soybean in 2015 and 2016 under conventional and organic cropping systems at recommended and high
input management in central NY.

Year

Treatment 2015 2016 Mean

Soybean densities (plants/ha)

Conventional
Recommended 307,967 c + 318,167 c 313,067 c

High Input 417,912 a 442,750 a 429,971 a
Organic

Recommended 338,083 b 284,667 d 311,375 c
High Input 419,258 a 383,250 b 401,254 b

Weed densities-R4 stage (weeds/m2)

Conventional
Recommended 0.24 a 0.44 a 0.34 b

High Input 0.11 a 0.27 a 0.19 b
Organic

Recommended 0.40 a 0.77 b 0.58 a
High Input 0.61 a 0.60 ab 0.60 a

Yield (kg/ha)

Conventional
Recommended 2977 b 2711 a 2844 a

High Input 3239 a 2806 a 3023 a
Organic

Recommended 2851 b 2631 a 2741 a
High Input 2952 b 2655 a 2804 a

Revenue ($/ha)

Conventional
Recommended 1005 b 960 a 982 a

High Input 1093 a 994 a 1044 a
Organic

Recommended 962 b 939 a 951 a
High Input 996 b 932 a 964 a

+ Treatment means within the same column followed by the same letter are not significantly different according to
Tukey’s HSD (Studentized Range) test at the 0.05 level.

Table 5 shows the agronomic data for wheat in 2016. Wheat yields also had a cropping
system x management input interaction. Organic wheat as the second-year transition crop in the
soybean-wheat/red clover rotation yielded 11.5% lower than conventional wheat with recommended
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inputs. Conventional and organic wheat yielded the same with high inputs not because organic wheat
responded to high inputs but because conventional wheat showed an 8.7% yield decrease with high
inputs. It is not clear why conventional wheat yields actually declined with the use of high inputs.
Yields were low because dry conditions (150 mm of precipitation, prevailed from the early tillering
stage (1 April) until harvest (7 July). Surprisingly, organic compared with conventional wheat in the
recommended input treatment had greater early plant establishment and fewer fall and spring weeds
(Table 5). Conventional wheat, however, had an average grain N% of 2.03% compared to only 1.66% N
in organic wheat, suggesting less available soil N for organic wheat. Grain yield, however, did not
correlate with grain N% probably because dry soil conditions and not soil N availability was the major
yield driver in 2016.

Table 5. Percent stand (early plant establishment), spikes/m2 at harvest, weed densities in the early
spring, grain yield, grain N%, and revenue of wheat in 2015–2016 under conventional and organic
cropping systems at recommended and high input management in central NY.

Wheat-2016

Treatment Stand/% Spikes/m2 Weeds/m2

Conventional
Recommended 88 b + 500 a 0.46 a

High Input 78 c 509 a 0.01 b
Organic

Recommended 98 a 503 a 0.05 b
High Input 99 a 563 b 0.04 b

Yield (kg/ha) Grain N (%) Revenue ($/ha)

Conventional
Recommended 4314 a 1.95 b 642 a

High Input 3938 b 2.11 a 586 b
Organic

Recommended 3817 b 1.65 c 568 b
High Input 3828 b 1.66 c 570 b

+ Treatment means within the same column followed by the same letter are not significantly different according to
Tukey’s HSD (Studentized Range) test at the 0.05 level.

3.2. Economic

Maize revenue, a direct function of yield, had similar statistical relationships as yield so
conventional compared with organic maize generated more revenue in 2015, but similar revenue
in 2016 (Tables 3 and 6). Organic compared with conventional maize, averaged across the 2 years,
had higher selected production costs when comparing their respective recommended and high input
management treatments because of higher variable and fixed costs (Table 6). As expected, organic
compared with conventional maize had lower seed costs because of the lack of seed treatment and
GM traits. Organic compared with conventional maize, however, had higher fertilizer costs because of
the much greater cost for composted chicken manure relative to conventional starter fertilizer and N
fertilizer. A green manure crop was not in place for the 2015 maize crop so most of the composted
chicken manure as an N source was applied in 2015 (none to the recommended input treatment and
56 kg N/acre in the high input treatment in 2016). Most organic crop producers in New York, USA do
not use composted manure as an N source but rather use solid manure from their own livestock or
from a neighbor’s livestock, which is far less expensive. Organic compared with conventional maize
also had higher labor, repair and maintenance, and fuel and lubricant costs because of the 4-time
use of labor and equipment for mechanical weed control in organic maize compared with the 1-time
use of labor and equipment for herbicide application in conventional maize. Organic compared with
conventional maize thus had higher total selected variable costs ($190 to $687 in recommended and
high input treatments, respectively).

259



Agronomy 2018, 8, 192

Organic compared with conventional maize also had greater fixed costs because of greater wear
and tear with the 4-time use of tractors and equipment for weed control purposes. Overall, organic
compared with conventional maize had much higher total selected costs ($248 and $744/ha higher in
recommended and high input treatments, respectively) compared to a Minnesota, USA study ($87/ha
lower organic maize production costs) that used solid dairy manure [4]. In 2016, when composted
chicken manure was not applied to organic maize with recommended inputs as an N source, organic
compared to conventional maize had $75/ha lower total selected costs, similar to the Minnesota study.

Table 6. Income, selected costs, and partial returns for conventional maize with recommended
management (M1) and high input management (M2), and organic maize with recommended
management (M3) and high input management (M4) at a Cornell Research Farm in central NY averaged
across the 2015 and 2016 growing seasons 1.

Maize Treatments

Production Value, Income M1 M2 M3 M4

$/ha

Grain 1364 1430 1092 1127

Selected Production Costs 1

Variable Inputs
Fertilizers 194.92 240.51 455.57 992.63

Seeds 301.07 360.84 219.07 262.49
Sprays & Other Crop Inputs 106.53 143.10 79.81 124.25

Labor 1.16 1.16 20.87 20.87
Repairs & Maintenance

Tractor 0.22 0.22 5.53 5.53
Equipment 0.86 0.86 6.07 6.07

Fuels & Lubricants 0.73 0.73 12.09 12.09
Interest on Operating Capital 13.38 17.54 9.75 28.26

Total Selected Variable Input Costs 618.37 764.96 808.76 1452.1

Fixed Inputs
Tractors 1.60 1.60 32.80 32.80

Equipment 4.47 4.47 30.23 30.23
Land charge - - - -

Value of management - - - -

Total Selected Fixed Input Costs 6.07 6.07 63.03 63.03

Total Selected Costs 624.44 771.03 871.79 1515.2

Partial Returns 739 659 220 −388
1 This reporting of costs focused on those costs that differed among the four maize treatments. The land charge,
and value of management input did not differ among treatments, so items are blank. Likewise, grain moistures
did not differ among treatments so drying costs are not included. Seed costs differed among treatments due to
price per unit differences between non-GMO and GMO hybrids, and seeding rate differences for recommended
versus high input management. Spray and other crop inputs that differed included pest and disease management
materials, and hauling as a function of yield. Labor costs reported included only those attributed to sprays for
treatments C1 and C2, and those attributed to weeding tasks for C3 and C4. Labor costs reported do not include
labor associated with tillage, planting and harvesting tasks considered constant, not differing among treatments.
Similar explanations underlie estimates for the remaining cost items that differ. Costs for M3 and M4 were much
higher in 2015 compared with 2016 because the use of composted chicken manure as an N source in 2015 vs. red
clover in 2016.

Conventional compared with organic maize had much greater partial returns in 2015 because of
higher yields and lower production costs (Table 7). If cash flow is of a major concern to the grower,
maize should not be the entry crop in the transition to organic crop production unless there is animal
manure on the farm (or close by) or a green manure crop in place. In 2016, when maize followed
red clover, partial returns had a cropping system × management input interaction. Organic and
conventional maize with recommended inputs had similar partial returns. In contrast, organic maize
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with high inputs (organic seed treatment, high seeding rates and 56 kg N/ha of composted manure),
had lower partial returns compared with both conventional maize input treatments. Again, the 13×
higher N/kg cost of composted chicken manure is almost solely responsible for the lower partial returns
of organic maize with high input management. Organic maize with recommended inputs, which only
received composted chicken manure as a starter fertilizer, had greater partial returns compared with
conventional maize with high inputs, a management practice frequently used by conventional growers.
If the grower wishes to plant maize during the transition, the partial returns data indicate that the
grower should plant a green manure crop first, followed by maize with recommended inputs as the
second crop. This strategy, however, would eliminate maize as the first crop eligible for the organic
premium in 2017, which could reduce long-term economic benefits [6].

Table 7. Estimated partial returns of maize, soybean and wheat in conventional and organic cropping
systems with recommended and high input management in 2015 (maize and soybean) and 2016
(all three crops) in central NY.

Crop

Maize Soybean Wheat

Treatment 2015 Estimated partial returns ($/ha)
Conventional
Recommended 928 a + 706 a -

High Input 844 a 664 a -
Organic

Recommended −168 b 662 a -
High Input −562 c 630 a -
Treatment 2016 Estimated partial returns ($/ha)

Conventional
Recommended 550 a 699 a 303 a

High Input 475 b 601 a 24 b
Organic

Recommended 607 a 648 a −188 c
High Input −215 c 579 a −588 d

+ Treatment means within the same column followed by the same letter are not significantly different according to
Tukey’s HSD (Studentized Range) test at the 0.05 level.

Conventional soybean with high input management in 2015 had the highest revenue, but revenue
did not differ between cropping systems nor management inputs in 2016 (Tables 4 and 8). Organic
compared with conventional soybean had $50 to $105 lower total selected variable costs when
comparing respective treatments (Table 8). Organic compared with conventional soybean had lower
seed and other input costs (inoculant in conventional, organic seed treatment in organic high input,
herbicide and fungicide in conventional high input), which offset higher remaining variable costs
(labor, repairs and maintenance, and fuels and lubricants). As with maize, organic compared with
conventional soybean had higher fixed input costs, associated with the greater use of tractor and
equipment (tine weeder and cultivator) for repeated cultivations for weed control.

Organic compared with conventional soybean had slightly higher ($13/ha) total selected
production costs with recommended input management but slightly lower ($47/ha) costs in high input
management. Other cropping system studies have also reported similar or lower total production
costs for organic soybean [7,8,13] mostly because of lower seed and pesticide costs. A Minnesota, USA
study, however, reported $128/ha higher production costs in organic compared with conventional
soybean because lower seed and pesticide costs did not offset higher labor, diesel, and machinery
ownership costs [4]. Likewise, the USDA survey data [2] also reported that organic soybean producers
had higher economic costs ($262 to $309/ha) compared with conventional producers.
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Table 8. Income, selected costs, and partial returns for conventional soybean with recommended
management (S1) and high input management (S2); and organic soybean with recommended
management (S3) and high input management (S4) at a Research Farm in central NY averaged across
the 2015 and 2016 growing seasons 1.

Soybean Treatments

Production Value, Income S1 S2 S3 S4

$/ha

Seed 967 1028 932 953

Selected Production Costs 1

Variable Inputs
Fertilizers - - - -

Seeds 216.94 289.25 134.90 179.88
Sprays & Other Crop Inputs 31.74 77.86 9.95 33.90

Labor 1.09 2.71 25.45 25.45
Repairs & Maintenance

Tractor 0.22 0.45 6.08 6.08
Equipment 0.81 1.79 8.39 8.39

Fuels & Lubricants 0.75 1.52 17.69 17.69
Interest on Operating Capital 6.27 9.32 5.05 6.78

Total Selected Variable Input Costs 257.82 382.90 207.51 278.13

Fixed Inputs
Tractors 1.58 3.18 35.40 35.40

Equipment 4.33 8.67 34.31 34.31
Land charge - - - -

Value of management - - - -

Total Selected Fixed Input Costs 5.91 11.85 69.71 69.71

Total Selected Costs 263.73 394.75 277.22 347.84

Partial Returns 703 633 655 605
1 See Table 6 for an explanation of selected production costs.

Soybean partial returns in 2015 and 2016 did not differ among cropping systems nor management
inputs because of mostly similar yields and production costs (Table 7). Organic soybean, especially
with recommended inputs (no organic seed treatment to improve plant establishment or higher seeding
rates to improve weed control) thus is an excellent entry or second year crop in the transition to an
organic cropping system. Our economic data agree with another study that indicated that soybean
is the preferred entry crop compared to maize [4]. A major advantage of using soybean as the entry
crop is that soybean does not require N fertilizer so the prospective organic grower who does not own
livestock will not have to find an organic N source, as in the case of maize or wheat.

Wheat revenue had a cropping system x management input interaction, similar to yield
(Tables 5 and 9). Total selected production costs were more than 2-fold greater in organic compared
with the respective conventional wheat management treatments (Table 9). The use of composted
manure as starter fertilizer but more importantly as an N source is the major reason for the much
greater variable and total production costs in organic wheat. As with maize, most organic growers in
New York, USA would probably not use composted manure as an N source. Consequently, the $416
to $595/ha higher production costs for organic compared with conventional wheat in our study are
much higher than the $243 to $257/ha higher production costs in the USDA survey report [2].
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Table 9. Income, selected costs, and partial returns for conventional wheat with recommended
management (W1) and high input management (W2), and organic wheat with recommended
management (W3) and high input management (W4) at a Research Farm in central NY in 2015–2016 1.

Wheat Treatments

Production Value, Income W1 W2 W3 W4

$/ha

Grain 643 587 569 570

Selected Production Costs 1

Variable Inputs
Fertilizers 165.49 198.84 601.15 891.61

Seeds 125.52 200.84 97.17 155.49
Sprays & Other Crop Inputs 41.74 131.03 40.01 82.25

Labor 0 2.42 0 0
Repairs & Maintenance

Tractor 0 0.45 0 0
Equipment 0 0.88 0 0

Fuels & Lubricants 0 1.36 0 0
Interest on Operating Capital 8.35 13.41 18.45 28.26

Total Selected Variable Input Costs 341.08 550.24 756.78 1157.60

Fixed Inputs
Tractors 0 3.29 0 0

Equipment 0 9.19 0 0
Land charge - - - -

Value of management - - - -

Total Selected Fixed Input Costs 0 12.47 0 0

Total Selected Costs 341.08 562.72 756.78 1157.60

Partial Returns 303 24 −188 −588
1 See Table 6 for an explanation of selected production costs.

Organic compared with conventional wheat had much lower partial returns when comparing their
respective management treatments because of similar or lower yields and much higher total selected
production costs (Table 7). Many wheat growers in New York, USA, however, manage wheat with
high inputs (high seeding rates, fall herbicide, high split-applied N rates, and late spring fungicide).
Organic wheat with recommended inputs compared more favorably with typical conventional wheat
management with high inputs ($212/ha lower partial returns). Organic wheat compared with organic
maize and soybean as second-year crops in the transition had much lower partial returns. Conventional
wheat compared with conventional maize or soybean, also had lower partial returns, which explains in
part the record low hectares of wheat planted in the USA in 2017 [3]. Winter wheat, however is an ideal
rotation crop that disrupts weed and insect cycles in maize and soybean [21] so must be evaluated in
context of its benefits to an organic rotation.

When comparing partial returns of the three crop rotations (red clover-maize, maize-soybean,
and soybean-wheat/red clover) during the transition, the organic red clover-maize rotation with
recommended inputs had similar partial returns as the conventional red clover-maize rotation with
recommended inputs and greater partial returns compared with the high input treatment (Table 10).
Most conventional growers, however, who do not transition to organic production, would not practice
such a rotation so comparisons should be made between the organic red clover-maize rotation with
the conventional maize-soybean rotation. The organic red/clover-maize rotation with recommended
inputs had $1127/ha lower partial returns compared with the conventional maize-soybean rotation
with recommended inputs and $1024/ha lower partial returns compared with the high input treatment.
We did not apply composted chicken manure as an N source to organic maize with recommended
inputs in 2016, but rather utilized red clover as the N source. Therefore, production costs are not inflated
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and partial returns not deflated when comparing the organic clover-maize rotation with recommended
inputs with the conventional maize-soybean rotation with recommended and high inputs.

The organic maize-soybean rotation with recommended inputs had similar partial returns ($434) as
the organic red clover-maize rotation with recommended inputs ($441, Table 10). Consequently, partial
returns of both organic rotations were similar when compared with the conventional maize-soybean
rotation. The substitution of a green manure crop for maize as an entry crop instead of continuing a
maize-soybean rotation during the transition thus did not improve partial returns.

The organic compared with the conventional soybean-wheat/red clover rotation with
recommended inputs had $548/ha lower partial returns (Table 10). Many soybean and wheat
growers in New York, USA, however, use high input management on both crops. The organic
soybean-wheat/red clover rotation with recommended inputs compares more favorably with the
conventional soybean-wheat red clover rotation with high inputs ($229/ha lower partial returns).
If cash flow is of major concern to the grower during the transition, soybean was the best entry crop
followed by wheat in this study. This agrees with the findings in a Minnesota USA study [5]. When
comparing partial returns of all three organic rotations with recommended inputs, however, differences
were only $54 to $61 /ha. Consequently, the red clover-maize, maize-soybean, and soybean-wheat/red
clover rotations would essentially have the same cash flow impact on the farm during the transition.
This agrees with the findings of Archer et al. [5] who reported that transitioning growers should begin
the transition process immediately, regardless of the entry crop.

Table 10. Estimated partial returns of three rotations (red clover-maize, maize-soybean, and
soybean-wheat) during the transition period (2015 and 2016) in conventional and organic cropping
systems with recommended and high input management in central New York.

Sequence during Transistion

Treatment Clover-Maize Maize-Soybean Soybean-Wheat

Total Costs ($/ha)

Conventional
Recommended 741 + 958 + 605

High Input 909 1211 956
Organic

Recommended 666 1556 1035
High Input 1503 2077 1505

Total Revenue ($/ha)

Conventional
Recommended 1116 a 2526 a 1647 a

High Input 1214 a 2610 a 1679 a
Organic

Recommended 1107 a 1990 b 1530 a
High Input 1116 a 2041 b 1567 a

Total Partial Returns ($/ha)

Conventional
Recommended 375 a 1568 a 1043 a

High Input 305 b 1399 a 724 b
Organic

Recommended 441 a 434 b 495 c
High Input −387 c −36 c 62 d

+ Treatment means within the same column followed by the same letter are not significantly different according to
Tukey’s HSD (Studentized Range) test at the 0.05 level; 1 Maize costs in 2015 are much greater than costs in 2016
because of the use of composted chicken manure as the main N source in 2015 vs. red clover in 2016.

Organic maize and wheat had greater production costs than typical because of the use of
composted chicken manure to ensure comparable N rates applied to organic and conventional maize
and wheat. In addition, conventional weed control costs in maize are much lower than typical because
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most conventional maize growers in the USA do not moldboard plow their fields so they use more
weed control chemicals than the single glyphosate application used in this study. Consequently, input
costs of organic compared with conventional maize, soybean and wheat during the transition were
much higher than typical, especially in maize and wheat. On the other hand, delaying the planting of
conventional maize and soybean to just after the optimum planting dates probably reduced their yields
and revenue somewhat. Likewise, the exceedingly dry 2016 growing season, probably contributed
to the similar yields and revenue between organic and conventional maize and soybean and only an
11.5% lower organic wheat yield with recommended inputs during the second transition year [22].
In addition, we used untreated Pioneer varieties with no GMO traits in maize, soybean, and wheat
instead of organic varieties, which probably also favored organic compared to conventional yields and
revenue. Consequently, partial returns between organic and conventional cropping systems in our
study during the transition did not differ greatly from other studies [4,8].

4. Conclusions

The two major constraints to organic field crop production are soil N availability and weed
competition. Soybean was thus an excellent entry crop in the transition to organic production because
it provided its own N, and tine weeding followed by four cultivations provided satisfactory weed
control in this study. In contrast, maize as an entry crop, was more problematic because providing
available soil N in the absence of a green manure crop was a challenge, and maize was less competitive
with weeds (compared with wheat or soybean) in this study.

Organic wheat no-tilled into soybean stubble had very low weed densities in this study. Organic
wheat in a maize-soybean-wheat/red clover rotation, however, must rely on an organic N source for
its N uptake. Wheat takes up most of its N from late April through May in New York, USA when
cool temperatures prevail, which may inhibit rapid mineralization of organic N. Nevertheless, organic
wheat with recommended inputs compared with conventional wheat with high inputs, a typical
management system for many growers in the Eastern USA, yielded similarly in 2016. Wheat was thus
an excellent second year transition crop in this study. We recommend the organic soybean-wheat/red
clover rotation during the transition for locations with similar environmental conditions of this study
because this rotation compared most favorably with its conventional counterpart during the transition.
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Abstract: In greenhouses, where intensive systems are widely used for organic production, the
differences between “conventionalized” and agroecological approaches are especially evident. Among
the agronomic practices, green manure from agroecological service crops (ASCs) and organic
amendments represent the main tools for soil fertility management with respect to the substitution
of synthetic fertilizer with organic ones (the input substitution approach). Over a two-year organic
rotation, we compared a conventionalized system (SB) and two agroecological systems, characterized
by ASC introduction combined with the use of manure (AM) and compost (AC) amendments.
A system approach was utilized for the comparison assessment. For this purpose, agronomic
performance, soil fertility and the density of soil arthropod activity were monitored for the entire
rotation. The comprehensive evaluation of the parameters measured provided evidence that clearly
differentiated SB from AM and AC. The drivers of discrimination were soil parameters referring to
long term fertility and soil arthropod dynamics. The study confirmed the higher productivity of SB
but also no positive impact on soil fertility and soil arthropods, as highlighted by AM and AC. Based
on the results, a trade-off between productivity and the promotion of long-term ecosystem diversity
and functioning is needed for the assessment of systems of organic production.

Keywords: cover crops; agrobiodiversity; conventionalization; system approach

1. Introduction

The issue of intensive organic production systems has been the subject of debate during the
last decade, since the concept of “conventionalization” of organic production was introduced [1,2].
“Conventionalized” organic production, also called as “input-substitution” system, is characterized
by the substitution of synthetic inputs with those allowed by organic regulations [3]. Despite their
conformity to organic regulations, these systems are, in general terms, very similar to conventional and
integrated ones for the high yield per unit area and the potential environmentally negative externalities,
such as degradation of soil, high greenhouse gases (GHG) emissions and biodiversity losses [4]. On
the other hand, alternative organic production systems based on a balance between productivity,
agrobiodiversity promotion and ecosystem service provision have been set up in different climatic
conditions [5,6]. In the more recent scientific literature [7–9] the great majority of these organic systems
are referred to open field conditions, where agronomic practices such as minimum tillage, organic
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amendments, long-term rotation and cover crop cultivation are more easily introduced. Only recently
have such alternative organic systems of production been tested in protected conditions [10]. Among
the many criteria involved in the definition of the price premium for organic vegetables, the potential
environmental impact of the production system is considered one of the more influential among
consumers of organic food [11–13].

These issues have led to the need to change the organic greenhouse production system, to meet
the expected environmental sustainability (e.g., reduced water consumption and soil organic matter
depletion), together with the market demand for organic production. In this context, an agroecological
approach to organic production should be promoted, adopting a holistic perspective able to also
encompass other aspects of agriculture (i.e., environmental, social), rather than just the production
issues [14]. To implement such an approach, a deep comprehension of the complex interrelationships
among the components of the agroecosystem is necessary, to maximize services and minimize negative
externalities (e.g., biodiversity reduction due to external input use). Furthermore, practices aiming to
increase the agrobiodiversity in space and time should be promoted, to foster the desired biodiversity
components. Long-term rotation and introduction of agroecological service crops (ASCs)—cultivation
of plant species not for yield purposes but for ecosystem service provision (e.g., cover crops, catch
crops, living mulch, etc.) [15]—should also be adopted in greenhouse systems [10]. In this context,
the real challenge for research on organic production is the comparison between different “certified”
organic farming systems, which overcomes the mere comparison between conventional and organic
agriculture. To contrast the widespread production intensification, different criteria for evaluating
production systems must be identified. A holistic and agroecological based approach should reject the
simplistic “conventional” criteria of maximizing yield per square meter or maximizing efficiency per
input unit without any assessment of the negative impact on the environment [16]. Moreover, system
studies in organic farming provide a sort of “knowledge package” including innovative solutions and
multidisciplinary know-how, which go beyond the external inputs dependency of conventionalized
systems of production. Since intensification of production systems implies simplification, and
consequent biodiversity losses, which leads to reductions in ecosystem services, the use of arthropod
biodiversity and dynamics can be a reliable indicator of system diversity, covering a wide range of
ecological functions in the agroecosystem [17].

To investigate the effects of “agroecological” systems on agronomic performance, soil properties,
and associated soil arthropod dynamics in greenhouse crops under a Mediterranean climate,
a two-year field experiment was carried out at the Centre International De Hautes Études
Agronomiques Méditerranéennes (CIHEAM)—Bari, in Valenzano (Puglia region, Southern Italy). The
hypothesis underlying the experiment was that different agronomic management, within organic
systems of production (organic fertilizers and ASC introduction and management, compared to
a conventionalized-business as usual-system), would result in: (1) similar yield; (2) differences
in soil fertility; and (3) differences in soil arthropods composition and their relative ecological
services/disservices (e.g., pest control and organic matter decomposition). To test these hypotheses,
the following aspects were studied: (1) crop performances over the two years of the experiment;
(2) soil arthropod activity density in the management system tested; and (3) linkages between the
cited biological community and the most important soil fertility parameters. A system approach was
utilized for the assessment of different systems of production [18].

2. Materials and Methods

2.1. Experimental Site

The research was carried out at the long-term experiment on organic vegetable production
systems in Mediterranean greenhouses (MOREGREEN LTE) located at the CIHEAM—Bari (MAIB), in
Valenzano (Puglia region - Southern Italy). The location is about 72 meters above sea level (41◦08′ N
latitude and 16◦51′ E longitude). The experimental greenhouse (300 m2; 7.5 m × 40.0 m) was an
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un-heated tunnel (EUROPROGRESS s.r.l., Mirandola (MO), Italy) with galvanized steel frames covered
by ethylene vinyl acetate (EVA) sheets. It was longitudinally divided into two areas/fields (field I and
field II). The present research was based on the two-year rotation of field I, cultivated with kohlrabi
(Brassica oleracea var. gongyloides, cv “Korist”), lettuce (Lactuca sativa L. var. longifolia Lam., cv Salad
bowl), zucchini (Cucurbita pepo L., cv Striata di Puglia) and lamb’s lettuce (Valerianella locusta L., cv
Semegrosso d’Olanda) in rotation (2014–2015 and 2015–2016).

2.2. Experimental Design

The experimental layout was a completely randomized block (CRB) design with three replications
(for a total of 9 plots, 3.0 m × 4.0 m each). The organic farming systems under comparison were as
follows. (1) Substitution (SB), a business as usual organic production system (very diffused especially
in greenhouse vegetable production), based on an “input substitution” approach. This system mimics
conventional agriculture by substituting agrochemicals with products allowed in organic farming
(e.g., substitution of synthetic fertilizers with organic ones). The following fertilizers were applied:
commercial organic fertilizer based on guano (commercial name—“Guanito” by Italpollina); and
liquid commercial organic fertilizer based on sugar beet molasses (commercial name—“Kappabios”
by Serbios). (2) Agroman (AM), characterized by the use of a mixture of ASCs and mature organic
cattle manure as a soil amendment. (3) Agrocom (AC), which utilizes a mixture of ASCs and on-farm
made compost as a soil amendment. In the first year of rotation, before the kohlrabi crop, the same
composition of ASC mixture was used in AM and AC, while two different mixtures of species were
considered in the second cycle of ASCs, before the zucchini crop. The choice of mixtures, instead of
the cultivation of a single ASC species, was made in order to better guarantee the provision of the
ecological services in the long run. The ASC species mixture for each treatment and the ecological
service corresponding to each botanical family are reported in Table 1. During the ASC cycles in AC
and AM, soil was left bare in the SB plots.

Before ASC sowing, the soil was prepared using a rotary tiller. ASC mixture seeds were broadcasted
by hand and gently covered with soil using a rake on 27 and 10 June in 2014 and 2015, respectively. In
the first year of rotation, the ASCs were terminated differently at the start of the flowering stage (about
50 days after sowing); in AC, the ASCs were manually chopped using a sickle and ploughed into the
soil as green manure using a rotary spader, whereas in AM, the ASCs were flattened using a roller
crimper [19] to obtain a mulching layer made of the ASC biomass, in which kohlrabi was transplanted.
After the kohlrabi cycle, before lettuce transplanting, ASC mulch residues were incorporated into the
soil using a rotary spader. In the second experimental year, ASCs were instead terminated as green
manure in both the AM and AC systems. Details on rotation, starting from the first year, were as follows:
kohlrabi was transplanted on 22 October 2014, using seedlings from the nursery of CIHEAM—Bari,
and harvesting was completed on 7 January 2015. Lettuce was transplanted on 9 March 2015, using
seedlings from the nursery of CIHEAM—Bari, and harvested on 24 April 2015. The density of the
kohlrabi and lettuce was 10 plants/m2, (0.5 m between lines and 0.2 m within each line). Zucchini
was transplanted at a density of 1.8 plants/m2, (0.8 m between lines and 0.7 m within each line) on 8
September 2015, using seedlings from the nursery of CIHEAM—Bari, and harvesting was completed
on 30 November 2015.

Finally, lamb’s lettuce was sown at a rate of 50 seeds/m2 on 14 March 2016, using a pre-sown
blanket of biodegradable tissue (supplied by Virens, Padova, Italy), and harvesting was completed
on 18 May 2016 [23]. All crops were harvested according to required market standards. Cumulative
production (yield) per crop was calculated for each system. Air temperature at 2 m height was measured
hourly by two probes during both ASC and cash crop cycles. Air humidity and temperature were kept
under control (10–28 ◦C range) by manually opening/closing tunnel border sides when needed.
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Table 1. Agroecological service crops (ASC) mixture composition and ecological services provided.

Year System Poaceae Fabaceae Brassicaceae
Seed

Weight (%)

I (2014) AM; AC

Pennisetum glaucum
(L.) R. Br. 30.0

Setaria italica (L.)
Beauv. 30.0

Lablab purpureus (L.)
Sweet 20.0

Vigna sinensis L. 20.0

II (2015)

AM

Lablab purpureus (L.)
Sweet 20.0

Vigna sinensis L. 20.0
Crotolaria juncea L. 20.0

Hedysarum coronarium L. 20.0
Onebrychis vicifolia Scop. 20.0

AC

Brassica juncea (L.)
Czern. 33.3

Raphanus sativus L. 33.3
Sinapis alba L. 33.3

Ecological services
provided

Nitrogen losses
decrease (catch

crops); soil organic
matter increase,

weed control [20]

Nitrogen fixation; soil
organic matter increase;
soil and water quality

[21]

Nitrogen losses
decrease; nematode

suppression;
soil-borne disease
reduction; soil and
water quality; root

growth increase [22]

2.3. Soil Preparation

The tunnel greenhouse was installed on May 2012, on a soil organically managed for ten years.
Strawberry (Fragaria × ananassa var. Duchesne, cv Festival) was cultivated as previous crop in each
system from September 2013 to May 2014. Before the first ASC cycle, the soil was ploughed using
a rotary tiller (SICMA CS 105). In the SB system, for kohlrabi, lettuce and zucchini cultivation, the
whole soil bed was covered by black polyethylene plastic mulch. Water was mainly supplied by drip
irrigation, except for ASC and lamb’s lettuce cultivation, where sprinkler irrigation was used.

2.4. Organic Amendment and Fertilizers

The total amount of amendments and fertilizers applied to each of the three systems, total nitrogen
and carbon content, and distribution practices are reported in Tables 2 and 3. Compost and cattle
manure samples were analysed in triplicate for dry matter, total organic carbon (TOC) and total nitrogen
(TN). Dry matter was calculated by weight loss overnight in an oven at 105 ◦C. TOC was analyzed
with a LECO analyzer (LECO RC-612; St. Joseph, MI, USA) using a dry combustion method [24]. TN
was analyzed with the Dumas method using the elemental analyzer LECO FP 528.
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Table 2. Characterization of amendments and fertilizers applied for each crop during the rotation.

Cash Crop Fertilizer Supplier
TOC TN C/N Ptot

(g kg−1) (g kg−1)

All Commercial organic fertilizer
based on guano, “Guanito”. Italpollina - Italy 320 60 5 6.6

All
Liquid commercial organic

fertilizer based on Sugar beet
molasses (“Kappabios”)

Serbios - Italy 150 30 5 0.0

Before
Kohlrabi

Compost On-farm,
CIHEAM—Bari facility 261 27 10 6.7

Cattle manure Organic farm “la
Querceta”, Bari - Italy 430 18 24 7.3

Before
Zucchini

Compost On-farm,
CIHEAM—Bari facility 301 32 9 2.7

Cattle manure Organic farm “la
Querceta”, Bari - Italy 445 24 19 2.7

Table 3. Distribution of amendments and fertilizers to the three systems for each crop (on dry matter
basis, except for “Kappabios”, in liquid form).

Cash Crop System Fertilizers Distribution

Kohlrabi

SB
Guanito incorporated into the soil before transplanting at 1.67 Mg ha−1

Kappabios fertigation, 7 times during crop cycle for a total of 0.32 Mg ha−1

AC
Compost incorporated into the soil before transplanting at 7.41 Mg ha−1

Kappabios fertigation, 3 times during crop cycle for a total of 0.14 Mg ha−1

AM
Cattle manure incorporated into the soil before ASC sowing at 11.17 Mg ha−1

Kappabios fertigation, 7 times during crop cycle for a total of 0.32 Mg ha−1

Lettuce
SB Kappabios fertigation, 7 times during crop cycle for a total of 0.46 Mg ha−1

AC Kappabios fertigation, 3 times during crop cycle for a total of 0.20 Mg ha−1

AM Kappabios fertigation, 4 times during crop cycle for a total of 0.26 Mg ha−1

Zucchini

SB
Guanito incorporated into the soil before transplanting at 1.83 Mg ha−1

Kappabios fertigation, 7 times during crop cycle for a total of 0.46 Mg ha−1

AC
Compost incorporated into the soil before transplanting at 6.25 Mg ha−1

Kappabios fertigation, 3 times during crop cycle for a total of 0.20 Mg ha−1

AM
Cattle manure incorporated into the soil before transplanting at 8.33 Mg ha−1

Kappabios fertigation, 4 times during crop cycle for a total of 0.26 Mg ha−1

Lamb’s
lettuce

SB Kappabios fertigation, 7 times during crop cycle for a total of 0.46 Mg ha−1

AC Kappabios fertigation, 3 times during crop cycle for a total of 0.20 Mg ha−1

AM Kappabios fertigation, 4 times during crop cycle for a total of 0.26 Mg ha−1

2.5. Plant Sampling and Analysis

Each year, at the end of the ASC cycle, three quadrats (0.25 m × 0.25 m) per plot were used to
sample the fresh aboveground biomasses. At the harvest stage, cash crops were collected from the
plots and partitioned into products and residues. Plant samples were divided into two subsets. One
was dried at 105 ◦C for the determination of the dry matter content by gravimetric loss (total plant
biomass, total yield and biomass of residues ploughed into the soil at the end of crop cycle—hereafter
reported as Tot Biom, Tot Yield and Inc res, respectively), while the other was dried at 60 ◦C and stored
for analyses. In SB, crop residues were removed from the field. TN was analyzed using samples of the
ASCs, products and residues, with the Dumas method using the elemental analyzer LECO FP 528.
N uptake of cultivated plants was then calculated by multiplying N content by the correspondent
biomass per hectare values, in order to obtain the total N uptake (Tot Nu) and the yield N uptake
(Yield Nu). All the organic biomass utilized as C input (ASC and cash crop residues—Inc res C) were
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analyzed for C content on a LECO analyzer (LECO RC-612) using a dry combustion method. To obtain
the C input, the carbon content of plant materials was multiplied by the correspondent biomass per
hectare values.

2.6. Soil Sampling and Analysis

For each crop in rotation, at different plant phenological phases (at transplanting, during the
plant growth cycle—twice for kohlrabi and zucchini and once for lettuce and lamb’s lettuce, and at
harvest), elementary soil sub-samples were taken from each plot using an auger at a depth of 0–30 cm
and mixed to form a composite sample for each plot. For each composite sample, total soil mineral
nitrogen (SMN), as the sum of nitrate (NO3

−-N) and ammonium nitrogen (NH4
+-N), was determined.

Fresh soil samples were extracted by 2M KCl (1:10 w/v). Then NH4
+-N and NO3

−-N were determined
according to Henriksen and Selmer-Olsen [25] and Krom [26]. At the beginning of the experiment and
at the end of each cash crop cycle, the soil samples were air dried, sieved at 2 mm and stored for the
determination of total organic carbon (Soil TOC), total nitrogen (Soil TN) and available Phosphorus
(Soil P). Soil TOC content was determined by combustion method on a LECO analyzer (LECO RC-612;
St. Joseph, MI, USA) using a dry combustion method [24]. Soil TN was analyzed with the Dumas
method using the elemental analyzer LECO FP 528. Soil P was extracted and measured according to
the Olsen method [27].

2.7. Soil Arthropods Monitoring

Soil arthropods were monitored from July 2014, following the rotation plan, until May 2016.
Depending on the crop cycle, monitoring periods were as follows: ASC ‘14 (49 days); kohlrabi (56 days);
lettuce (43 days); ASC ‘15 (46 days); zucchini (93 days); and lamb’s lettuce (58 days). Pitfall traps were
used to collect arthropods (one per plot). Each trap consisted of a plastic cup (13 cm × 10 cm, 500 mL)
half filled with 50% propylene glycol water solution. The cups were dug into the soil and the rim was
levelled with the soil surface. A 15 cm × 15 cm plastic saucer was placed 4 cm above the cup to prevent
irrigation water entering the cups. The traps were replaced every 15–25 days during the monitoring
period (depending on the capture rate). The content of each cup was emptied in the field into plastic
containers and stored in the fridge until soil arthropods were counted in the laboratory. In the
present study, seven macrogroups were considered (Coleoptera Carabidae, Coleoptera Staphylinidae,
Collembola, Araneae, Myriapoda, Isopoda and Opiliones). Data are presented as mean activity density
for each macrogroup per crop and as mean for full rotation period (total number of individuals divided
by days of trap activity and multiplied by 10; resulting in cumulative activity density for a 10 days
period). Detailed elaboration of total soil arthropods and relative abundance is reported in [28], while
the present paper reports the activity density of individual macrogroups and intends to explore their
possible relations with the main soil parameters studied.

2.8. Statistical Analysis

Agronomic parameters and arthropod macrogroups were analysed with a mixed model, using
YEAR (levels: 1◦–2◦) as random factor, SYSTEM (levels: AC, AM and SB) and CROP (levels: A, K, L, Z
and LM, for ASC, kohlrabi, lettuce, zucchini and lamb’s lettuce, respectively) as fixed factors. In the
model, CROP was nested within YEARS. Mixed model analyses were performed by means of SAS 9.0.

Agronomic and arthropod data were also analyzed by means of an explorative multivariate
analysis, using canonical discriminant analysis (CDA). CDA was used for understanding the temporal
dynamics of the systems during the two-year rotation. In other words, to underpin the interactions
evidenced by the mixed model (see previous analysis). The group variables of the CDA were System
(SB, AC and AM) and Crop rotation (Year: 1 and 2), while the response variables (represented by
arrows) were agronomic parameters and arthropod taxa. In the biplot, the multivariate 95% confidence
coefficient of the canonical means of each group variable was represented by a circle. CDA was
employed using R 3.3.2.
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3. Results

The results of the mixed model analysis for agronomic parameters are reported in Table 4. The
system x crop rotation (Year) showed significant interaction for most of the analyzed parameters,
except for Soil P, Soil TN, Tot Biom, Inc res and Inc res C, while both System and Crop rotation (Year)
factors highlighted significant differences, except for Soil TN in Crop rotation (Year). Tables 5 and 6
display means for soil chemical and plant parameters, respectively, for each system and crop in rotation,
including the total means for the compared systems in the whole rotation. In particular, Soil TOC
showed increasing trends during the rotation in AC and AM until ASC ‘15, whereas a slight variation
around the average value was recorded for SB (Table 5). No difference due to the Year was recorded
for Soil TN, while a significant effect of Systems was detected (Table 4), with lower value in SB than
in agroecological systems (Table 5). Soil P showed the highest values for AC, followed by SB and
then by AM, with higher values in the first year rotation than in the second one (36.6 and 31.0 ppm,
respectively). Soil mineral nitrogen (NO3

−-N + NH4
+-N as SMN) parameters showed the lowest

dynamics in SB and first crop year rotation, whereas the highest were recorded in the same year by AC,
recording the highest NO3

−-N content during the lettuce cycle (179 ppm), with a similar trend also
shown by AM. The lowest SMN values were instead recorded for the SB in the zucchini cycle (second
year), corresponding to 23.3 ppm (NO3

−-N +NH4
+-N) (Table 5). As far as the plant parameters are

concerned (Table 6), SB showed the highest yield for all the cash crops, with the exception of lamb’s
lettuce when AM showed the highest yield. Similar results were recorded for the Nuptake parameters
(Tot Nu and Yield Nu), whereas AM showed the highest Carbon input (Inc Res C) due to residues
(0.23 t ha−1 vs 0.19 t ha−1 for AM and AC, respectively).

Crop rotation (System) showed significant differences, among the farming systems compared,
in activity density for four out of the seven taxa (Araneae, Opiliones, Staphylinidae and Myriapoda)
(Table 7). The significant interaction (p < 0.01) between systems and crops in the two-year rotation
demonstrated that the effect of agroecological systems was strongly associated with the year of the
rotation. Indeed, crop (Year) factor was strongly correlated with activity density for all the arthropod
taxa. A detailed analysis of the mixed model interactions explains better the response of arthropod
fauna to all the variables of the rotation (Table 8). For example, besides a general positive impact of
agroecological systems on Staphylinidae in comparison with SB (mean value for the rotation), the
AC system was positively associated with the activity density of this taxon mainly in the first year of
rotation, and in particular during the kohlrabi and lettuce cultivation. Collembola activity density was
higher in SB in comparison with agroecological systems, particularly for ASC during the first year.

This trend changed during the second year, when density of this taxon was higher in the
agroecological systems (zucchini) or it had similar values for all systems. Araneae were positively
correlated with AM in the ASC cycle during the second year of rotation, while the difference among
the systems was not relevant in the other crops. Opiliones positively responded to AC and AM in
the first year during lettuce cycle, while Myriapoda were more associated with the agroecological
systems during the second year (ASC and zucchini). The mean activity density of Carabidae and
Isopoda during the whole rotation was not correlated with the systems (Tables 7 and 8). Carabidae
density showed a higher increase in AC than in SB and AM during the kohlrabi rotation (Table 8) and
a partial response to AC in the ASC during the first year and in zucchini in the second year, even if the
interaction is not significant (Table 7). Isopoda density was higher in agroecological systems in ASC
during both the cultivation years.

273



Agronomy 2019, 9, 372

T
a

b
le

4
.

R
es

ul
ts

of
th

e
m

ix
ed

m
od

el
an

al
ys

is
on

ag
ro

no
m

ic
pa

ra
m

et
er

s
(P

le
ve

ls
).

Se
e

m
at

er
ia

la
nd

m
et

ho
ds

fo
r

ex
pl

an
at

io
ns

.

E
ff

e
ct

N
O

3
− -

N
N

H
4
+

-N
S

o
il

P
S

o
il

T
O

C
S

o
il

T
N

T
o

t
B

io
m

T
o

t
Y

ie
ld

In
c

R
e

s
Y

ie
ld

N
u

T
o

t
N

u
In

c
R

e
s

C

Sy
st

em
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
05

<
0.

00
1

<
0.

00
1

<
0.

00
1

<
0.

00
1

<
0.

00
1

<
0.

00
1

C
ro

p
(y

ea
r)

<
0.

00
1

<
0.

00
1

<
0.

00
1

<
0.

00
1

>
0.

05
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
Sy

st
em
×C

ro
p

(y
ea

r)
<

0.
00

1
<

0.
00

1
>

0.
05

<
0.

00
1

>
0.

05
>

0.
05

<
0.

00
1

>
0.

05
<

0.
00

1
<

0.
00

1
>

0.
05

T
a

b
le

5
.

M
ea

ns
of

so
il

ch
em

ic
al

pa
ra

m
et

er
s

fo
r

th
e

th
re

e
or

ga
ni

c
sy

st
em

s
du

ri
ng

th
e

tw
o-

ye
ar

ro
ta

ti
on

pe
ri

od
.

A
S

C
‘1

4
K

o
h

lr
a

b
i

L
e

tt
u

ce
A

S
C

‘1
5

Z
u

cc
h

in
i

L
a

m
b

’s
L

e
tt

u
ce

M
e

a
n

fo
r

R
o

ta
ti

o
n

(S
E

)

S
B 1

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

N
O

3
− -

N
p

p
m

78
.9

81
.7

10
.3

77
.6

58
.7

19
.3

65
.9

17
9.

85
.6

21
.8

40
.1

22
.9

8.
07

18
.5

14
.3

5.
8

19
.6

46
.8

43
.0

(8
.9

4)
66

.2
(1

3.
6)

33
.2

(7
.2

9)
N

H
4
+

-N
p

p
m

15
.2

21
.6

16
.2

23
.4

27
.9

18
.4

22
.1

22
.8

19
.8

29
.1

30
.1

30
.9

15
.2

21
.6

16
.2

23
.4

27
.9

18
.4

22
.8

(1
.4

2)
23

.4
(1

.2
7)

19
.8

(1
.2

5)
S

o
il

P
p

p
m

36
.5

44
.4

33
.1

31
.4

40
.9

28
.3

40
.8

39
.0

35
.3

25
.1

18
.6

21
.1

36
.5

44
.4

33
.1

31
.4

40
.9

28
.3

34
.6

(2
.2

3)
36

.7
(2

.5
1)

33
.5

(1
.9

2)
S

o
il

T
O

C
%

1.
37

1.
54

1.
50

1.
50

1.
78

1.
65

1.
67

2.
01

1.
89

1.
53

2.
16

2.
10

1.
37

1.
54

1.
50

1.
50

1.
78

1.
65

1.
42

(0
.0

5)
1.

69
(0

.0
8)

1.
63

(0
.0

8)
S

o
il

T
N

%
0.

12
0.

14
0.

13
0.

12
0.

14
0.

13
0.

12
0.

15
0.

14
0.

11
0.

19
0.

18
0.

12
0.

14
0.

13
0.

12
0.

14
0.

13
0.

12
(0

.0
1)

0.
15

(0
.0

1)
0.

14
(0

.0
1)

1
SB

–S
ub

st
it

ut
io

n,
A

C
–A

gr
oc

om
;A

M
–A

gr
om

an
.

T
a

b
le

6
.

M
ea

ns
of

pl
an

tp
ar

am
et

er
s

fo
r

th
e

th
re

e
or

ga
ni

c
sy

st
em

s
du

ri
ng

th
e

tw
o-

ye
ar

ro
ta

ti
on

pe
ri

od
.

A
S

C
‘1

4
K

o
h

lr
a

b
i

L
e

tt
u

ce
A

S
C

‘1
5

Z
u

cc
h

in
i

L
a

m
b

’s
L

e
tt

u
ce

M
e

a
n

fo
r

R
o

ta
ti

o
n

(S
E

)

S
B 3

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

S
B

A
C

A
M

T
o

t
B

io
m

1
-

22
.6

26
.9

2.
30

1.
91

1.
31

1.
59

1.
15

1.
40

-
4.

16
4.

73
3.

87
2.

43
2.

74
0.

50
0.

75
0.

93
1.

38
(0

.3
4)

5.
50

(1
.9

8)
6.

34
(2

.2
9)

T
o

t
Y

ie
ld

1
-

-
-

1.
75

1.
51

1.
03

1.
59

1.
15

1.
40

-
-

-
0.

79
0.

49
0.

54
0.

50
0.

75
0.

93
0.

77
(0

.1
7)

0.
65

(0
.1

4)
0.

65
(0

.1
3)

R
e

s
in

c
1

-
22

.6
26

.9
-

0.
39

0.
29

-
-

-
-

4.
16

4.
73

-
1.

94
2.

20
-

-
-

-(
-)

4.
85

(2
.0

6)
5.

69
(2

.3
8)

T
o

t
N

u
2

-
50

2.
58

8.
75

.9
56

.4
41

.2
65

.5
47

.3
48

.1
-

75
.3

12
3.

18
9.

11
2.

11
7.

18
.7

25
.9

40
.5

58
.3

(1
6.

1)
13

7
(4

2.
7)

15
9

(4
8.

3)
Y

ie
ld

N
u

2
-

-
-

53
.5

41
.8

30
.2

65
.5

47
.3

48
.1

-
-

-
51

.3
30

.1
32

.2
18

.7
26

.0
40

.5
31

.5
(6

.6
5)

24
.2

(4
.6

3)
25

.2
(4

.8
4)

In
c

R
e

s
C

1
-

0.
89

0.
10

-
0.

16
0.

11
-

-
-

-
0.

18
0.

26
-

0.
76

0.
89

-
-

-
-(

-)
0.

19
(0

.0
8)

0.
23

(0
.0

9)
1

th
a−

1 ;2
kg

ha
−1

;3
SB

—
Su

bs
ti

tu
ti

on
,A

C
—

A
gr

oc
om

;A
M

—
A

gr
om

an
.

274



Agronomy 2019, 9, 372

T
a

b
le

7
.

R
es

ul
ts

of
th

e
m

ix
ed

m
od

el
an

al
ys

is
on

ar
th

ro
po

d
ta

xa
(P

le
ve

ls
).

Se
e

m
at

er
ia

la
nd

m
et

ho
ds

fo
r

ex
pl

an
at

io
ns

.

E
ff

e
ct

C
a

ra
b

id
a

e
A

ra
n

e
a

e
O

p
il

io
n

e
s

S
ta

p
h

y
li

n
id

a
e

Is
o

p
o

d
a

M
y

ri
a

p
o

d
a

Sy
st

em
>

0.
05

<
0.

01
<

0.
01

<
0.

01
>

0.
05

<
0.

01
C

ro
p

(y
ea

r)
<

0.
01

<
0.

01
<

0.
01

<
0.

01
<

0.
01

<
0.

01
Sy

st
em
×c

ro
p

(y
ea

r)
>

0.
05

(0
.0

71
1)

<
0.

01
<

0.
01

<
0.

01
>

0.
05

(0
.0

58
7)

<
0.

05

T
a

b
le

8
.

A
ct

iv
it

y
de

ns
it

y
of

so
il

ar
th

ro
po

ds
m

ac
ro

gr
ou

ps
fo

r
th

e
th

re
e

or
ga

ni
c

sy
st

em
s

du
ri

ng
th

e
tw

o-
ye

ar
ro

ta
ti

on
pe

ri
od

.

M
a

cr
o

g
ro

u
p

A
S

C
‘1

4
K

o
h

lr
a

b
i

L
e

tt
u

ce
A

S
C

‘1
5

Z
u

cc
h

in
i

L
a

m
b

’s
L

e
tt

u
ce

M
e

a
n

fo
r

R
o

ta
ti

o
n

(S
E

)

S
B

1
A

C
A

M
S

B
A

C
A

M
S

B
A

C
A

M
S

B
A

C
A

M
S

B
A

C
A

M
S

B
A

C
A

M
S

B
A

C
A

M

C
a

ra
b

id
a

e
0.

1
0.

8
0.

1
0.

8
1.

3
0.

2
0.

2
0.

4
0.

3
0.

1
0.

3
0.

4
0.

4
0.

9
0.

6
0.

1
0.

1
0.

2
0.

3
(0

.1
)

0.
6

(0
.2

)
0.

3
(0

.1
)

A
ra

n
e

a
e

1.
6

1.
1

2.
7

1.
3

1.
2

1.
0

2.
6

2.
3

2.
2

5.
7

8.
4

11
.5

3.
0

3.
1

1.
9

0.
7

0.
9

0.
7

2.
5

(0
.7

)
2.

8
(1

.2
)

3.
3

(1
.7

)
O

p
il

io
n

e
s

0.
0

0.
2

0.
0

0.
1

0.
7

0.
2

1.
1

2.
9

4.
0

0.
1

0.
3

0.
1

0.
2

1.
0

1.
3

0.
8

1.
3

1.
1

0.
4

(0
.2

)
1.

1
(0

.4
)

1.
1

(0
.6

)
Is

o
p

o
d

a
1.

0
3.

8
4.

6
2.

5
1.

1
0.

7
1.

3
1.

8
1.

7
2.

6
4.

8
10

.9
3.

7
2.

7
2.

3
3.

2
2.

9
2.

8
2.

4
(0

.4
)

2.
9

(0
.5

)
3.

8
(1

.5
)

M
y

ri
a

p
o

d
a

0.
1

0.
5

0.
3

0.
5

0.
8

0.
1

0.
2

0.
5

0.
3

0.
8

4.
0

3.
1

0.
3

1.
1

1.
1

1.
4

1.
7

1.
5

0.
6

(0
.2

)
1.

4
(0

.5
)

1.
1

(0
.5

)
S

ta
p

h
y

li
n

id
a

e
0.

1
2.

1
2.

9
0.

7
3.

2
1.

9
1.

2
6.

9
2.

1
0.

9
4.

0
4.

3
0.

9
1.

4
1.

2
0.

2
0.

2
0.

2
0.

7
(0

.2
)

3.
0

(1
.0

)
2.

1
(0

.6
)

1
SB

–S
ub

st
it

ut
io

n,
A

C
–A

gr
oc

om
;A

M
–A

gr
om

an
.

275



Agronomy 2019, 9, 372

Figures 1 and 2 refer to the system discrimination due to the agronomical parameters variability.
In particular, in Figure 1, SB differentiates with respect to AC and AM for yield (higher in SB), for Yield
N uptake (higher nutritional efficiency of SB respect to AM and AC) and partially for Soil P. On the
other hand, AM and AC differentiate from SB mainly for their effects on Soil TOC and Soil TN.

 

Figure 1. Canonical discriminant analysis (CDA) output for agronomic parameters in the three
compared systems (SB, AC and AM) pooling the two-year rotation.

 

Figure 2. CDA output for agronomic parameters in the three compared systems (SB, AC and AM) over
the two experimental years.
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Figure 2 refers to the same dataset utilized in Figure 1, with the difference that the effect of single
systems of production (SB, AM and AC) on soil and plant parameters are analyzed during the two
years of the experiment (SB1 and SB2; AM1 and AM2; AC1 and AC2), giving to the production systems
compared a dynamic effect on plant and soil parameters. In particular, it is worth noting how, during
the first year of rotation, the three systems compared (SB1, AM1 and AC1) did not differentiate clearly.
In the second year, the differences among SB2, AM2 and AC2 seem to strongly discriminate substitution
from agroecological systems in terms of soil parameter vectors (Soil TOC, NH4

+-N and Soil TN).
Figure 3 graphically represents the distribution of the systems based on soil arthropod macrogroup

abundances, pooling the two-year rotation together. In this case, AM assumed an intermediate position
between SB and AC, along the first axis. So, the discrimination among the systems did not follow the
same trend reported for soil chemical parameters. In any case, both AC and AM seem to be associated
with vectors representing most of the groups of arthropods (higher abundance). Conversely, SB was
correlated only with Collembola.

Figure 3. CDA output for arthropods abundance in the three compared systems (SB, AC and AM)
pooling the two-year rotation.

In Figure 4, the dynamic effect of the production systems (SB, AM and AC) on soil arthropod
abundance is represented. CDA corroborates mixed model analysis, and in particular the interaction
between system and crop rotation (year). The almost complete overlap of SB1 and SB2 confirms that
the influence of the input substitution system of production on soil arthropods did not change during
the two-year rotation. Conversely, for the two agroecological treatments, crops cultivated in the two
years of rotation affected the trends of soil arthropods. In particular, during the first year, Staphilinidae
and Opiliones showed strong correlation with AC and AM, respectively. During the second year, an
overlap of the effects of AM2 and AC2 was observed, with a strong correlation of the agroecological
systems with Araneae, Collembola and Myriapoda. During the second year, Isopoda showed slight
correlation with AC and AM, confirmed by the almost significant interaction between systems and
crop in rotation (Year) of the mixed model (Table 7). Both agroecological systems in the second year
(AC2 and AM2), were associated with groups (Araneae, Myriapoda, Collembola) which were different
in comparison to those of the first year (AC1 and AM1) of the experiment (Opiliones, Staphylinidae).
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Figure 4. CDA output for arthropods abundance in the three compared systems (SB, AC and AM) over
the two experimental years

4. Discussion

Yield comparisons between conventional and organic farming systems have been reported by
several authors and show that marketable yields are usually higher in conventional systems compared
to organic systems by 10% to 25% [20,29,30]. In our research, as expected, similar results were observed
for SB and agroecological treatments. Indeed, organic fertilisers used in SB seemed to play exactly
the role of the synthetic input in a conventional system, guaranteeing a better productive effect and
more efficient nitrogen uptake of the cash crop compared to AM and AC. So, the hypothesis of similar
results was not verified. As observed by Tittarelli et al. [10], agroecological systems have a lower
efficiency in N utilization because the amount of N associated to organic biomass incorporated to
soil (e.g., crop residues, green manure and organic amendments) is higher compared to the amount
applied with organic fertilizer. These agronomic practices have the wide objective of guaranteeing
not only nutrients availability to the crops but also to increase soil organic matter content [31]. The
analysis of the results in terms of soil fertility are further supported by the evidence shown in Figure 2,
where the increasing amount of organic matter incorporated into the soil in the AC and AM systems is
graphically represented in CDA by the shifting of agroecological systems in the second year of the trial
under the Soil TOC and Soil TN drivers. On the other side, SB slightly changed during the biennial
rotation with respect to the soil parameters analyzed, and it was mainly driven by yield and available
mineral nitrogen. This result is in accordance with those of Garcia-Franco et al. [32]. Agroecological
practices, which are mainly characterized by the introduction in the system of higher amounts of
organic carbon, differentiated with respect to the input substitution system during the second year,
when the amount of organic amendments incorporated into the soil became significantly higher than
in SB, where just organic fertilizers were broadcasted.

The spatio-temporal distribution of soil arthropods in the systems of production we compared
was more complex and seemed to follow a multi-effect response. Besides a general positive influence
of agroecological systems on arthropod activity density, responses of macrogroups do not allow us to
identify precise drivers of their patterns. Indeed, the agroecological systems (AM and AC) positively
affected the activity density of most of the arthropod taxa, but these effects were strongly influenced by
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the year of cultivation. The positive effect of the agroecological systems, and in particular AC, was
evident for Staphylinidaee during the first year of rotation. Some positive effects of the agroecological
systems were found also for Opiliones, Araneae and Myriapoda, but only in the second year of rotation
(Table 8). On the contrary, the SB system did not affect activity density of soil arthropod taxa in the two
years of the cultivation of cash crops, and this lack of effect was constant during the whole rotation. The
partial responses of taxa only for few crops in rotation seems to be the reason for the interactions close to
significant values (Table 7), whereas the CDAs carried out for evaluating the temporal performance of
systems on agronomic parameters and arthropod activity density confirmed the interactions observed
with the mixed model and allowed a more in-depth evaluation of the results obtained.

The macrogroup of Collembola demonstrated, in our study, how complex soil arthropods reactions
to production systems are. Agricultural practices implemented can affect nutrients supply and can be
a source of physical disturbance, both considered to be among the key factors determining biological
diversity in aboveground systems [33,34]. Coulibaly et al. [35] found that during a 4-year period,
tillage intensity (i.e., physical disturbance) had a significant effect on diversity and abundance of
Collembola, while residue incorporation (resource supply) had no significant impact. Our results only
partially confirmed these findings, since in the first year of our experiment, additional disturbance of
soil due to the sowing of ASC in AM and AC resulted in much lower activity density of the Collembola
macrogroup in these systems than in SB. While the beneficial effects of agroecological practices (e.g.,
resource supply) appeared to be significant for the following crop (kohlrabi) and with a residual effect
for the subsequent one (lettuce). During the second year, the effects of rotation (crop) could be observed,
since the AC and AM systems had similar or higher values of Collembola activity density than in SB.
In other words, the direction of the Collembola vector changed toward the AC and AM systems in
the second year of the study. These results should be attributed to systems stabilization, since after
the ASC cultivation in 2014, Collembola activity density was not significantly different between the
systems for the whole rotation.

According to the scientific literature, soil fauna plays a key role in soil functioning and in the
maintenance of soil quality [36] and can reflect anthropogenic disturbances to soil ecosystems [37,38].
Our results demonstrated how the community structure of soil arthropods is strictly linked to changes
in soil fertility parameters. Soil arthropods are recognized as reliable bioindicators, due to their
important role in terrestrial ecosystem services delivery, especially because of their capability to affect
organic matter decomposition processes [39] and to contribute to biological pest control [40]. When
soil arthropods are divided according to ecosystem service delivery groups (functional subgroups),
such as biological pest control subgroups (Carabidae, Aranea, Opiliones, Staphylinidae) and nutrient
cycling subgroups (Isopoda, Myriapoda, Collembola), the results obtained indicate significantly higher
contribution of AC and AM systems to biological pest control [28]. In the case of the nutrient cycling
subgroup, the systems did not differ significantly; thus, the hypothesis related to diversified services
among systems is only partially confirmed.

It is worth noting that the introduction of agroecological practices, such as the cultivation of ASC
as green manure and the use of soil amendments instead of commercial organic fertilizers, determined
a quick change in some soil characteristics, which were able to discriminate systems of production.

5. Conclusions

The results obtained during the two-year rotation generated evidence for how the input substitution
system (SB) is different to agroecological systems, both in terms of agronomic parameters and soil
arthropods abundance. Thus, SB showed effects on short term soil fertility but, as expected, did not
have any effect on parameters related to the long run. These slight differences in agronomic parameters
were in line with the results obtained for soil arthropods, since significant changes in abundance and
dynamics were not observed. On the other hand, both agroecological systems showed a significant
change in long-term soil fertility parameters, and also an evolution of soil arthropod groups. Actually,
in accordance with previous findings, patterns analyzed can be considered to be bioindicators for
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a comprehensive assessment of management systems. In protected condition, where the systems
are often very intensive, the cultivation of ASC which are not aimed to produce yield represents an
agronomic mean which is not easily acceptable by growers. Recent publication of European regulation
(EU 2018/848) on organic production reports the need of short-term green manure for certified organic
production in protected conditions. It is a challenge which would only be accepted by growers if its
environmental impact is demonstrated.

Our results demonstrated that the label “organic” does not represent the same impact on soil
fertility and biodiversity per se. Since, in protected conditions the input substitution approach is the
more widely diffused system of production, it could be worth investigating its potential impact also on
other aspects of soil health and suppressiveness (e.g., nematode biodiversity, soil microbial activity, etc.)
in comparison with organic systems characterized by the implementation of agroecological practices.
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Abstract: The North China Plain (NCP) is experiencing serious groundwater level decline
and groundwater nitrate contamination due to excessive water pumping and application of
nitrogen (N) fertilizer. In this study, grain yield, water and N use efficiencies under different
cropping systems including two harvests in 1 year (winter wheat–summer maize) based on farmer
(2H1Y)FP and optimized practices (2H1Y)OPT, three harvests in 2 years (winter wheat–summer
maize–spring maize, 3H2Y), and one harvest in 1 year (spring maize, 1H1Y) were evaluated using
the water-heat-carbon-nitrogen simulator (WHCNS) model. The 2H1YFP system was maintained
with 100% irrigation and fertilizer, while crop water requirement and N demand for other cropping
systems were optimized and managed by soil testing. In addition, a scenario analysis was also
performed under the interaction of linearly increasing and decreasing N rates, and irrigation levels.
Results showed that the model performed well with simulated soil water content, soil N concentration,
leaf area index, dry matter, and grain yield. Statistically acceptable ranges of root mean square
error, Nash–Sutcliffe model efficiency, index of agreement values close to 1, and strong correlation
coefficients existed between simulated and observed values. We concluded that replacing the
prevalent 2H1YFP with 1H1Y would be ecofriendly at the cost of some grain yield decline. This
cropping system had the highest average water use (2.1 kg m−3) and N use efficiencies (4.8 kg kg–1)
on reduced water (56.64%) and N (81.36%) inputs than 2H1YFP. Whereas 3H2Y showed insignificant
results in terms of grain yield, and 2H1YFP was unsustainable. The 2H1YFP system consumed a total
of 745 mm irrigation and 1100 kg N ha–1 in two years. When farming practices were optimized for two
harvests in 1 year system (2H1Y)OPT, then grain yield improved and water (18.12%) plus N (61.82%)
consumptions were minimized. There was an ample amount of N saved, but water conservation was
still unsatisfactory. However, considering the results of scenario analyses, it is recommended that
winter wheat would be cultivated at <200 mm irrigation by reducing one irrigation event.

Keywords: cropping systems; water; nitrogen; WHCNS; scenario analyses

1. Introduction

The North China Plain (NCP) is located in the eastern coastal region of China (34◦46–40◦25′ N
and 112◦30′–119◦30′ E). The plain covers an area of about 409,500 km2, most of which is <50 m above
sea level and extends to Henan, Hebei, and Shandong provinces [1–3]. The region has a subtropical
monsoon climate with highly variable rainfall and a typical temperature [4]. Cereal crops such as
wheat, maize, sorghum, rice, barley, millet, and oats are grown here. While winter wheat and summer
maize are staple crops, widely cultivated in rotations using the double cropping system [5], which
accounts for >60% of the national wheat and >30% of the maize grain demand [6].
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Since the 1970s, the annual use of the two-harvest cropping system greatly increased the total grain
output. However, it has also caused severe groundwater decline [7,8], because both crops generally
have high water requirements to complete their life cycle [9,10]. Crop water requirement does not
meet the balance between groundwater recharge through rain and evapotranspiration (ET) loss from
plant and soil [11]. An estimated amount of more than 450 mm yr−1 irrigation water is required to
maintain high crop yield under the conventional double cropping system [12], which dominatingly
depends on pumping of groundwater, and there is no access to irrigation from the river source. Thus,
the groundwater is almost the only source of irrigation [13]. In the last 20 years, sustained water
pumping has adversely affected aquifers. Consequently, the groundwater level fell rapidly, at the rate
of approximately 1 m yr−1. On the other hand, the double cropping system under conventional farming
practices contaminated groundwater by NO3

− leaching [14], surface water quality degradation [2], soil
acidification [15,16], and air pollution [17] due to excessive and long-term use of N fertilizers under
low efficiency of farmer cultivation practices. Around 500 to 600 kg N ha−1 yr−1 of fertilizer is normally
applied to achieve maximum yield. Agronomically, it is an excessive application rate based on general
crop N requirements, which range from 200 to 300 kg N ha−1 yr−1 [18].

A reduction in the application of N and proper irrigation scheduling can help to achieve sustainable
yield goals by simultaneously protecting natural resources and atmosphere [19]. About 15–35% of
water consumption can be lowered by improving water use efficiency [20]. It is possible through
efficient management strategy and optimal cropping system [21]. However, there are numerous
constraints associated with the optimal cropping system [22]. Since the field, dynamic observation of
evapotranspiration, water drainage, N losses, and crop growing indices are time consuming and costly.
Crop model-based improved simulation techniques with response to environmental conditions have
been developed for making effective and proper use of input resources [23]. Simulation models define
the systematic processes related to crop growth and development and are useful tools to assess the
impact of soil extrinsic factors (fertilization), variability of climatic conditions, and crop management
practices [24,25] by providing credible predictions [26]. Typically, crop models consider the time span
in which a specific growth stage takes place and initiate biomass of crop components, e.g., roots,
leaves, stems, and yield attributes, as they change time to time, and similarly, changes in the nutrients
content and soil moisture status. Mostly, models use major information on crop growth factors. They
are of various types, classified into three broad categories i.e., statistical, functional, and mechanistic
models [27], and are widely used in agricultural research to solve and identify problems integrated
in the complex farming system [28]. The crop modeling analyses showed that cereal crops are most
vulnerable to increasing water scarcity in many countries of the world [29]. Recently, an integrated
soil-crop model (WHCNS, soil water-heat-carbon-nitrogen simulator) was developed based on the
Chinese climate, soil types, and field management and the model has been successfully applied to
simulate water use, N loss, and N use efficiency in China [30–32]. Previous research showed that the
model simulated soil and crop indicators agreed well with observed data [33]. However, there is still
limited work on the simulation of water and nitrogen balance under diversified crop rotations using
this model.

Therefore, the main aims of this study were: (1) To evaluate grain yield, water and N use
efficiencies under different cropping systems using the WHCNS model, and (2) to optimize water and
N management by scenario analyses.

2. Materials and Methods

2.1. Description of Study Site

Quzhou County (114.9◦ E, 36.7◦ N, 40 m above sea level) belongs to the prefecture-level city of
Handan, located upstream of the Heilonggang River basin in southern Hebei province, which is one of
the most affected area in terms of groundwater depletion in the world [34]. Fertilizers are highly used
with inefficiency in the study area. A recent research of Cai et al. [35] and Ling et al. [36] reported an
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increasing trend of dependence on chemical fertilizers up to 36.3% in the current production system
exceeding international standards for the sake of yield [37].

The county belongs to a continental monsoonal climate. The long-term annual mean air
temperature is 13.1 ◦C and the mean annual precipitation is 534.9 mm. About >68% of precipitation
occurs during the June to September months of the year. The soil of this site is alkaline in nature
with a pH > 8.0, has a silty texture, nitrogen < 0.68 g kg−1, phosphorus < 6 mg kg−1, and potassium
< 75 mg kg−1 [3]. The soil properties at different depths are presented in Table 1.

Table 1. Basic soil properties at different depths.

Depth
(cm)

BD (g cm–3)
Particle Fraction (%) Soil Texture

(USDA)
pH θs (cm3

cm–3)

θfc (cm3

cm–3)

θwp (cm3

cm–3)

Ks (cm
d–1)

Sand Silt Clay

0–30 1.42 33.1 46.6 20.3 loamy 8.4 0.47 0.275 0.125 17.27
30–60 1.42 24.4 53.1 22.5 Silty loam 8.7 0.39 0.295 0.132 15.88
60–90 1.33 29.6 45.5 24.9 Loamy 8.5 0.38 0.295 0.143 18.23
90–120 1.51 36.4 47.4 16.2 Loamy 8.6 0.39 0.260 0.111 5.11

Note: BD, Bulk density, θs, Soil saturated water content, θfc, Field capacity, θwp, Soil water content permanent
wilting point and Ks, Saturated hydraulic conductivity.

2.2. Detail of Experimental Design and Management Practices

Four replicated randomized complete block design field experiments were conducted from 2004
to 2006 on different cropping systems including two harvests in 1 year (winter wheat–summer maize)
based on farmer (2H1Y)FP and optimized practices (2H1Y)OPT, three harvests in 2 years (winter
wheat–summer maize–spring maize, 3H2Y), and one harvest in 1 year (spring maize, 1H1Y). The plot
size was 84 m2 (10 m long × 8.4 m wide). Wheat variety Shijiazhuang-8 was sown (row spacing 15 cm)
on 10 October and harvested on 15 June, then summer maize cultivar Zhengdan-958 was grown (row
spacing 60 cm) after 2–5 days gap for two years. Nongda-1505 spring maize variety was employed for
both monoculture (1H1Y) and triple cropping (3H2Y) systems. The sowing date of spring maize was
on 27 April which was harvested on 8 October of the same year. Cropping systems were rotated for a
two-year period by following these sowing dates. The seed rate for winter wheat was 385 kg ha−1,
and 24–30 kg for maize. The final plant density of maize was 6–7 plants m2. Except for 2H1YFP, the
other cropping systems were managed under optimized water and fertilizer practices based on soil
testing. Irrigation was applied to keep soil moisture in the rooting zone between 50% and 85% of the
available field capacity. The 2H1YFP system was fully irrigated based on local farmer practices. Winter
wheat was irrigated 3–5 times and maize crop was irrigated 2 times through the flooding method. In
2H1YFP system, the N rates were 300 kg N ha−1 and 250 kg N ha−1 for wheat and maize cultivation in
each season, respectively, through 2–3 split doses. The optimized cropping systems 2H1YOPT, 3H2Y,
and 1H1Y received 420, 325, and 205 kg N ha−1, respectively. Fertilizer application was through the
broadcasting method. Precision land leveling was done for each cropping system to ensure uniform
germination and growth, and 45 kg ha−1 of phosphorus was applied as a basal dose for vigorous
seedling establishment. Other agronomical measurements such as weed, pest, and disease controlling
were according to local farmer practices.

2.3. Data Collection, Methods, and Analyses

The soil water content was measured using TDR (MP917) probes (Environmental Sensors, Inc.,
Sidney; BC; Canada) [38] from shallow to deep soil layers of 0–30, 30–60, 60–90 and 90–120 cm, and
soil samples were taken as well with help of auger for observation of soil N concentrations. Five
core samples were properly mixed, sieved with 4 mm sieves, extracted with 0.01 mol L−1 CaCl2
(1:10, soil/water), and then filtered. The ready samples were analyzed by continuous flow analyzer
(TRAAC 2000, Bran and Luebbe, Norderstedt; SH; Germany). The soil water content (cm3 cm−3), and N
concentrations (mg kg−1), dry matter (kg ha−1) and leaf area index (m2 m−3) were observed during key
growth stages, and grain yield (kg ha−1) was measured after harvesting. Winter wheat was harvested
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by its full physiological maturity indicator (completely loss of green color from glumes), and maize
crop was harvested when the grain moisture content was dropped <20%. Replicated cob samples were
oven dried to keep grain moisture <15%, and then threshed. The N balance, NUE, water balance, and
WUE were calculated using Equations (1)–(4) respectively. All the collected data were simulated using
the WHCNS model and statistically analyzed using Statistix 8.1 software (Tallahassee; FL; USA) to
determine significant differences at p < 0.05 probability level [36]. In addition, we established different
scenarios to optimize water and N management based on the experimental results. Complete detail of
scenarios is given in Section 2.4.1.

NB =
(
N f er + Nmin

)
−

(
Nvol + Nden + Nlea + Nup

)
(1)

NUE =
GY (kg h−1)

Applied N (kg h−1)
(2)

WB = (I + P) − (ET + D + R) (3)

WUE =
GY (kg h−1)

ET (mm)
(4)

WS and NF (%) =
Wu and Fu ( system A − system B)

Wu and Fu (system A)
× 100 (5)

where, Nfer is total N fertilizer rate (kg N ha−1), Nmin is net mineralization (kg N ha−1), Nvol =

volatilization (kg N ha−1), Nden = denitrification (kg N ha−1), Nlea is N leaching (kg N ha−1), Nup is
crop N uptake (kg N ha−1), GY is grain yield (kg ha−1), I is irrigation (mm), P is precipitation (mm),
ET is evapotranspiration (mm) and D is drainage (mm), R is runoff (mm) [39,40]. WS and NF are
water-saving and N fertilizer, respectively, Wu/Fu =Water use (mm) and Fertilizer use (kg) of cropping
system [41].

2.4. WHCNS Model

The WHCNS model was used to simulate the effect of irrigation levels and N fertilizer rates on
the growth and yield of different cropping systems. Model is efficient in the simulation of soil water
movement, N transport, crop growth, development, and grain yield under different crop rotations and
management practices. It can simulate complex and intensive cropping systems characteristic to NCP.
It is comprised of 5 primary modules, (a) soil water, (b) heat transfer, (c) N transport, (d) soil organic
carbon turnover, and (e) crop growth. The reference crop evapotranspiration (ETo) was calculated by
using the Penman-Monteith equation [42] proposed by Allen et al. [43]. Water infiltration and their
redistribution in the soil profile, runoff, and soil N concentrations (NH4

+ and NO3
−) were simulated

by using the Green-Ampt model and Richards equation, SCS curve number and convection dispersion
equations respectively [44–46]. Soil heat transfer simulation imported from the Hydrus-1D and soil
organic matter dynamics were directly derived from the Daisy model. Crop growth and development
processes, dry matter formation and grain yield simulations were performed using the improved
PS123 model [47]. More detailed information is available in the paper of Liang et al. [30].

2.4.1. Scenarios Setting

Scenario setup is one of the important technique to set an unlimited number of treatments that
could be not possible or difficult in field experiments due to space, time and financial limitations etc.
Therefore considering successful prediction of model, best management practice, and latest research
findings of Ling et al. [36], we further changed farming practices, where N rates and irrigation levels
were linearly increased and decreased for winter wheat, summer and spring maize to extensively
examine the effect of excessive and deficit irrigation, and N input managements on cropping systems.
These scenarios were simulated using the WHCNS model (Table 2).
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Table 2. Scenarios setting based on irrigation and N fertilizer management.

Irrigation (mm ha–1) Fertilization (kg N ha–1)

I WW Dist SM Dist SPM Dist F WW Splits SM Splits SPM Splits

I1 450 5 400 5 350 5 F1 400 4 350 4 300 4
I2 400 5 350 5 300 5 F2 350 4 300 4 250 4
I3 350 5 300 5 250 4 F3 300 4 250 4 200 4
I4 300 5 250 4 200 4 F4 250 3 200 3 150 3
I5 250 4 200 4 150 4 F5 200 3 150 3 100 3
I6 200 4 150 3 100 3 F6 150 3 100 3 50 2
I7 150 3 100 3 50 2 F7 100 2 50 2 – –
I8 100 2 50 1 0 – F8 50 2 – – – –
I9 50 1 0 – – – – – – – – – –
I10 0 – – – – – – – – – – – –

Note: WW, Winter wheat, SM, Summer maize, SPM, Spring maize, I, Irrigations, F, Fertilizers, Dist, Distribution of
total irrigation amount into frequencies and Splits, Division of total N into a number of doses.

Hence, each crop received excessive and deficit N, and irrigation treatments as well as evaluated
under rainfed conditions.

2.4.2. Model Input Data

Model input system requires information about crop growth stages with root, shoot and leaf
weight (g), plant type C3 or C4, critical temperature ranges, sowing date, seed, and fertilizer rate,
application timing and harvesting date, basic soil properties, carbon (kg h−1) and C/N ratio, latitude
and longitude of the site, as well as daily rainfall, relative humidity, maximum, minimum and mean
air temperature. The soil data for soil saturated water content (θs), water content at field capacity (θfc)
and permanent wilting point (θwp), and saturated hydraulic conductivity (Ks) were calibrated from the
soil analyses laboratory report, which is presented in Table 1 and basic crop parameters are given in
Table 3. The meteorological data used in the model were acquired from a nearby automatic weather
station, located approximately 5.5 km away from the research site.

Table 3. Crop parameters.

Parameters Description
Crops

WW SM SPM

Tbase Base temperature for crop growth (◦C) 0 8 8
Tsum Effective accumulated temperature (◦C) 2100 1650 2250

Ke Extinction coefficient (0–1) 0.6 0.6 0.6
Kc_ini Crop coefficients in initial stage (0–1) 0.65 0.65 0.65

Kc_mid Crop coefficients in middle stage (0–1) 1.25 1.35 1.25
Kc_end Crop coefficients in final stage (0–1) 0.45 0.8 0.8

SLA_max Maximum specific leaf area (m2 kg–1) 28 32 28
SLA_min Minimum specific leaf area (m2 kg–1) 16 15 13

AMAX Maximal assimilation rate (kg ha–1 h–1) 45 60 50
R_max Maximal rooting depth (cm) 160 145 145

Note: WW, Winter wheat, SM, Summer maize, SPM, Spring maize.

2.4.3. Statistical Evaluation of the Model

The model performance was evaluated using: (i) Root mean square error (RMSE) to measure how
much error there is between two data sets of predicted and observed, (ii) the Nash-Sutcliffe model
efficiency coefficient (NSE) and (iii) index of agreement (d), which are standardized measures in the
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modeling, and (iv) Pearson correlation coefficient analyses was applied to quantify the magnitude of
the collinearity between observed and predicted variables.

RMSE =

√√
1
n

n∑
i=1

(Pi −Oi)
2 (6)

NSE = 1−
∑n

i=1(Oi − Pi)
2∑n

i=1(Oi −O)2 (7)

d = 1−
∑n

i=1(Oi − Pi)
2∑n

i=1(|Oi −O|+|Pi −O|)2 (8)

r =

∑n
i=1(Oi − O) +

(
P i − P i

)
√∑n

i=1 (Oi − O)
2

√∑n
i=1 (P i − P i)

2
(9)

where Oi = observed value, Pi = predicted value, and O is the mean of the measured values, n is the
number of data values, GY = grain yield.

The lower RMSE, the good model performance [48]. The NSE ranges from –∞ to 1.1 show the
great efficiency, 0 indicates the predicted values are as accurate as of the mean of the observed data,
and <0 result indicates that observed average value is a good predictor as compared to the model [49].
While d value varies from 0 to 1. A closer value to 1 show a perfect match of simulated results with
observed data, and 0 specify no agreement at all [50]. In case of correlationship, the thumb rule for
interpretation based on positive (+) or negatives (−) sizes is, 0.90–1.00 (Very high), 0.70–0.90 (High),
0.50–0.70 (Moderate), 0.30–0.50 (low), 0.0–0.30 (No) [51]. The r close to 1 illustrates model fit [52].

3. Results

3.1. WHCNS Model Calibration and Validation

The observed soil water content (cm3 cm−3), soil N concentration (mg kg−1), leaf area index
(m2 m−3), dry matter (kg ha−1), and grain yield (kg ha−1) data from 2H1YFP were used to calibrate
the model, and then validated by the field experimental data obtained from other cropping systems
(2H1YOPT, 3H2Y and 1H1Y). The results were statistically evaluated by RMSE and related statistical
indices. The model simulation was satisfactory for all cropping systems. The observed data points
fluctuated up-down close to the predicted curve which was in good agreement between model
simulated and absolute values. Hence, RMSE values of soil water content at 0–120 cm soil depth
for 2H1YFP, 2H1YOPT, 3H2Y and 1H1Y were 0.05, 0.68, 0.13 and 0.43, respectively (Figure 1). While,
shallow to deep soil layer (0–30, 30–60, 60–90, 90–120 cm) wise RMSE values are given in Table 4.
It has been found that RMSE of volumetric water contents decreased as soil depth increased. The
minimum RMSE for upper soil (0–30 cm) was 0.06, and for deeper soil (90–120 cm) was 0.04. The
RMSE values for soil N concentration were varied from 7.43–2.10, and for leaf area index, dry matter
and grain yield ranged from 0.49–0.55, 1326.9–1608.3 and 280.91–609.96 respectively. From the yield
point of view, the minimum RMSE 280.91 was showed from the 2H1YFP system. The cumulative
simulated grain yield was only a 7.47% difference than observed. Predictions were accurate for each
system with 3.42–1.02% variation (Figure 2). In addition, the correlation degree of strength varied from
parameter-to-parameter. The sizes of correlation coefficient values were within very high, high and
moderate. Figure 3 Illustrates integrated correlationships for soil water content, soil N concentration,
leaf area index, dry matter, and grain yield of different cropping systems. While cropping system wise
r values and other statistical indices are shown in Table 4. The simulated and observed data of crop
growth and yield attributes had a very strong correlation coefficient strength (0.89–0.99). Whereas, soil
N concentration had strong (0.61–0.88) and soil water content had moderate correlation (0.53–0.76)
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according to Mukaka [51], who briefly elaborated the correlation coefficient and provided guidance for
correct use. The WHCNS model performance was valid season-to-season, because of better parameters
assumption. Statistical indices well specified performance of the model. The model can be effectively
used to simulate soil, crop growth, and yield indicators. There was a minor simulation error based on
overall figures, which indicated a better sensitivity of the model. The slight fluctuation of RMSE values
in all cropping systems could be attributed to the temporal change of soil moisture and nutrients status
after irrigation and N fertilization [53–59]. In the current study, RMSE ranges were <8 at the top layer,
and <3 at 60–90 cm soil depth. Statistically, there is no threshold limit. Generally, low RMSE is a sign
of model efficiency [37,46].

Figure 1. WHCNS model simulated (line) and observed (dots) soil water content (SWC, cm3 cm−3)
and soil mineral N concentration (SNC, mg kg−1) of different cropping systems. (a), Two harvests in
1 year based on farmer (2H1Y)FP, (b), Optimized practices (2H1Y)OPT, (c), Three harvests in 2 years
(3H2Y), and (d), One harvest in 1 year (1H1Y).
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Figure 2. Simulated (black bars) and observed (gray bars) grain yield and dray matter of different
cropping systems. (a), two harvests in 1 year based on farmer (2H1Y)FP and (b), optimized practices
(2H1Y)OPT, (c), three harvests in 2 years (3H2Y), and (d), one harvest in 1 year (1H1Y). WW, Winter
wheat, SM, Summer maize and SPM, Spring maize.

3.2. Grain Productivity

Results revealed that the 2H1YFP cropping system consumed excessive irrigation (745 mm) and N
fertilizer (1100 kg) as compared to optimized management practices, and showed a low total yield
of 21,474 kg as well (Figure 2a). Significantly (p < 0.05) high yield 22,758 kg obtained from 2H1YOPT,
where 18.12% low irrigation (610 mm) and 61.82% deficit N rate were applied. In this system, winter
wheat accounted for 5635 kg ha−1 and maize 5788 kg ha−1 in the first growing season, but in the
subsequent year, winter wheat yield was 3488 kg ha–1 with 38.10% reduction and summer maize yield
was 7847 kg ha−1 with 35.57% addition. The reason for the decrease in winter wheat yield was low
rainfall, and the increase of maize yield in second year cycle was precipitation events. The heavy
rainfall recorded during the late season, particularly in maize crop period throughout the experimental
period. While the 3H2Y system showed total grain yield of 17,612 kg and monoculture 1H1Y had total
grain yield of 17,471 kg. In 1H1Y system, spring maize yield was high in both two years. First year
yield was 8331 kg ha−1 and second years was 8761 kg ha−1. There was no significant difference between
3H2Y and 1H1Y in terms of total productivity (Figure 2). On an annual basis, the yield differences
were very low among all cropping systems. The 2H1YFP had average annual yield range of 10737.5 kg.
It was <5.64% than 2H1YOPT, and >17.98% to 18.64% than 3H2Y and 1H1Y cropping systems.
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Figure 3. Relationship between simulated and observed soil water content (SWC, cm3 cm–3), soil
mineral concentration (SNC, mg kg–1), leaf area index (LAI, m2 m–2) and grain yield (GY, kg ha–1)
under different cropping systems.

3.3. Evapotranspiration, Drainage, Runoff and Water Use Efficiency

The model was applied to simulate runoff, drainage and evapotranspiration (Table 5). Results
showed that drainage and water runoffwere associated with rainfall intensity. The 2H1YFP system had
243 mm drainage (>2H1YOPT), and 3H2Y had 113 mm drainage (≥1H1Y). The commutative drainage
was high, about 517 mm during maize growing seasons, and only 106 mm during wheat seasons of all
cropping systems. The maximum runoffwater loss occurred when rainfall was >300 mm. In case of
total evapotranspiration water loss, the lowest evapotranspiration (812 mm) was simulated from 1H1Y,
followed by 3H2Y (1013 mm). Double cropping system under farmer and optimized management
practices had equal evapotranspiration rate (128 mm). Thus, there was a significantly high (351.7 mm)
positive water balance calculated from spring maize cultivation in the second year. The average water
balance order was 1H1Y > 3H2Y > 2H1YFP > 2H1YOPT.

Across all cropping systems, the average water use efficiency was low in the 2H1YFP (1.8 kg m−3),
2H1YOPT (1.9 kg m−3) and 3H2Y (1.8 kg m−3) as compared to 1H1Y (2.1 kg m–3). The summer and
spring maize crops had maximum water use efficiency throughout the experimental trails.

3.4. Crop N Uptake, N Loss and N Use Efficiency

The summer and spring maize crops had higher crop N uptake than winter wheat in all cropping
systems (Table 6). Crop N uptake was significantly high in 1H1Y monoculture rotation. First year
spring maize had 216 kg N ha–1 uptake, and subsequent year had 234 kg N ha–1. Average N uptakes
were 184.25, 163.5, 177.6 and 225 kg N ha−1 in 2H1YFP, 2H1YOPT, 3H2Y and 1H1Y systems respectively.
Thus the sequence was 1H1Y > 2H1YFP > 3H2Y > 2H1YOPT.
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Table 5. Water balance summary of different cropping systems.

Cropping Systems Rotations Ir (mm) Pr (mm) Eta (mm) D (mm) R (mm) Wbal (mm) WUE (kg m-3)

(2H1Y)FP

WW 240 109 328 13 0 8 1.6
SM 75 224 287 33 21 −42 2.0

WW 315 223 345 17 6 170 1.3
SM 115 569 320 180 255 −71 2.1

(2H1Y)OPT

WW 180 109 302 7 0 −20 1.6
SM 75 224 286 7 21 −1.5 2.1

WW 240 223 331 7 6 119 1.4
SM 115 569 320 133 251 −20 2.4

(3H2Y)
WW 180 109 302 7 0 −20 1.9
SM 75 224 285 8 21 −1 5 1.7

WW 183 633 426 98 245 47 1.7

(1H1Y) SPM 243 276 389 7 20 103 2.1
SPM 80 638 423 106 245 −56 2.1

Note: Ir, Irrigation, Pr, Precipitation, Eta, Actual evapotranspiration, D, Drainage, R, Runoff, Wbal, Water balance
and WUE, Water use efficiency.

Table 6. N balance summary of different cropping systems.

Cropping Systems Rotations
Nfer Nmin Nvol Nden Nlea Nup Nbal NUE

(kg ha–1) (kg kg−1)

(2H1Y)FP

WW 300 –8 30 2 2 144 114 28.9
SM 250 –4 47 2 10 215 −28 21.3

WW 300 –3 26 2 6 146 117 24.7
SM 250 –6 55 4 79 232 −1.26 18.3

(2H1Y)OPT

WW 120 11 2 9 1 134 −1.4 34.1
SM 75 36 6 9 1 172 −77 31.3

WW 145 79 13 11 0 129 71 29.3
SM 80 84 33 14 19 219 −1.21 26.9

(3H2Y)
WW 120 11 2 9 0.5 137 −1.8 38.3
SM 75 37 7 9 1.3 169 −74 26.5

WW 130 100 25 10 3.0 227 −35 27.2

(1H1Y) SPM 75 7 3 1 0.3 216 −1.38 37.8
SPM 130 117 24 12 5.8 234 −29 31.8

Note: Nfer, Fertilization, Nmin, Net mineralization, Nvol, Ammonia volatilization, Nden, Denitrification, Nlea, N
leaching, Nup, Crop N uptake, Nbal, Nitrogen balance and NUE, Nitrogen use efficiency.

The N loss through volatilization, denitrification and leaching are not only yield affecting factor,
but also the primary cause of maximum N deposition in the terrestrial and aquatic systems. The
current study showed that the double cropping system under farmer (2H1YFP) and optimized practices
(2H1YOPT) had higher N loss, total ranged from 118–265 kg. The lowest N loss was 46.1 kg from the
1H1Y, and 3H2Y had 66.8 kg N loss. Therefore, the 2H1YFP and 2H1YOPT had low average N use
efficiency than 3H2Y and 1H1Y systems. The highest mean N use efficiency (34.8 kg kg−1) was from
1H1Y monoculture. Generally, N use efficiency was higher for all crops grown in the first season of
first rotation in each cropping system and subsequently dropped (Table 6).

3.5. Results of Scenario Analyses

Initially, an increasing yield response of winter wheat, summer and spring maize showed with
the interaction of increasing N rates and irrigation levels (Figure 4a). When irrigation and N doses
were increased to excessive, then yield was decreased or there was no significant increase. The grain
yield was <3000, <4000 and <7000 kg ha−1, respectively at 0–50 mm irrigation in combination with all
N rates. The grain yield curves of winter wheat reached to peak from the 200 mm irrigation × 150–250
kg N ha−1 with the highest simulated yield of 5000–5750 kg ha−1, summer maize from the 200 mm
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irrigation × 100–1 50 kg N ha−1 with yield of 6200–7000 kg ha−1, and spring maize from the >150 mm
irrigation ha−1 × 100–250 kg N ha−1 with yield of 8400–8540 kg ha−1. In the case of N and water use
efficiencies, which is the ratio of grain yield to the amount of N and irrigation depleted by crop during
the growth period (Figure 4b,c). The N use efficiency was the lowest at >250, >200 and >150 kg N ha−1

for winter wheat, summer and spring maize, respectively due to low yield. The spring maize had
the highest N use efficiency (37.5 kg kg−1) from the 50 to100 kg N ha–1. While water use efficiency
also lowered as the irrigation increased. The spring maize had the highest water use efficiency (>2.8
kg m−3). Furthermore, when irrigation level was set to 0 mm in the model as rainfed condition, then
simulated yield of spring maize yield was >4000 kg ha−1 with the combination of 50–100 kg N ha−1,
and the yield response of winter wheat was <2500 kg ha−1 (Figure 4a). Going in depth, the N leaching
and drainage prediction of WHCNS model showed that the N loss was correlated to N rate and
drainage was closely associated to irrigation amount. As the N rates and irrigation amounts were
increased, the N leaching and water drainages increased too. The rates of N leaching and drainage
were notable when N rate was >250 kg ha−1 and irrigation level was >200 mm ha−1 for winter wheat
with a maximum N leaching of 28.3 kg ha−1 and drainage 29.0 mm. Both, summer and spring maize
crops had the higher N leaching when N rate was >150 and >100 kg N ha−1, respectively (Figure 5b,c).

Figure 4. Scenarios based simulated grain yield (a), N use efficiency (b), and water use efficiency (c)
under effect of deficit and excessive irrigation levels, and N rates. WW, winter wheat, SM, summer
maize, SPM, spring maize.
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Figure 5. Simulated nitrate leaching (a–c) and drainage (d) under effect of excessive and deficit
irrigation levels, and N rates. The boxes show the 25 50 and 75 percentiles, the line in the box indicates
the median, black dots show mean, and the crosses indicate maximum and minimum. WW, winter
wheat, SM, summer maize and SPM, spring maize.

4. Discussion

4.1. Effect of Different Cropping Systems on Grain Yield, Water and N Use Efficiencies

The modeling based study of crops is an effective method to optimize the farming practices
and suggest possible solution for sustainable agriculture development. The predicted results for
2H1YFP cropping system under local farmer practices indicated that the yield is not related to excessive
irrigation and N application. This is also confirmed from the observed data. The low yield was obtained
from the double cropping system plots, despite the field soil had the high amendment of irrigation and
N fertilizer. We found that, although 2H1YOPT increased grain yield (5.97%) and reduced N fertilizer
(61.81%) as compared to 2H1YFP, the 610 mm irrigation consumption is still high. The high water use in
the double cropping system also reported by many other researchers [60–62]. Therefore, only N saving
is unsustainable, because irrigation water is quite important factor in the crop production system.
About 420 mm irrigation was used by wheat crop in the 2H1YOPT. The rainfall was significantly low
(<250 mm) throughout the winter wheat growing season of this study period, which limited grain yield.
Water saving technology [63], proper plant density [64], minimum tillage [65], and other agronomic
and breeding approaches would be advantageous to reduce water consumption of winter wheat.
Furthermore, the evapotranspiration sequence was 1H1Y < 3H2Y < 2H1YOPT < 2H1YFP. The irrigation
levels and N fertilizer rates of 3H2Y were <41.20% and <70.45%, respectively than 2H1YFP, but this
3H2Y system failed due to low grain yield output. Only monoculture 1H1Y system was dominant
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over all other systems in the light of both environmental protection and groundwater security at
cost of some grain yield loss. In this system, irrigation level was <56.64% (323 mm) and N fertilizer
was <81.36% (205 kg) than 2H1YFP. Similar results also reported by Meng et al. [66]. Yang et al., [37],
studied five crops (wheat–maize–cotton–sweet potato –peanuts) in rotations using DSSAT crop model
for a 12 years long term field experiment, and found that wheat accounted for >40% crop water use.
The 2H1YFP had the highest annual evapotranspiration rate (734 mm) with 1.1 m groundwater decline.
The monoculture of any crop used less water than prevalent 2H1YFP. Monoculture cultivation of maize
reduced >60% irrigation and >70% N fertilizer [3]. There were two important reasons of high yield of
continuous 1H1Y system to low inputs in the present study, one was high average N mineralization
(62.23 kg ha−1), N uptake (225 kg ha−1), N use efficiency (35.65 kg ha−1) and water use efficiency (2.15
kg m−3). It can be explained as temporal match between spring maize growth period and available
resources. The spring maize being a C4 efficient, do not exhibit photorespiration, uses CO2, solar
radiation, temperature, and water more efficiently than winter wheat [66,67], and other reasons of high
yield of continuous 1H1Y system to low input treatments could be balanced N dose, which was <8.29%
than 43–179 kg N ha−1 as recommended by Zhang et al. [68].

4.2. Effect of Cropping Systems on Water Drainage, and N Fates

Irrigation and N balancing as per need of normal plant growth by reducing the nitrate that
transport to water bodies and gaseous loss to environment, is a big challenge in the crop production
system [69]. When field water become excess, then it drains down from root zone carrying NO3

−
which contaminates groundwater. It has been identified that agricultural farming in China is causing
more environmental pollution than any other source [70]. Our study revealed that the 1H1Y had
the lowest N loss through leaching, denitrification, and volatilizations than the rest of the cropping
systems (2H1YFP, 2H1YOPT and 3H2Y). The amounts of N leaching and volatilization were higher
in 2H1YFP cropping system. Particularly, maximum N leaching and N volatilization loss measured
from maize crop managed under farmer practices. The linking factor was high dose application of N
fertilizer rates exceeding crop demand. The annual application of N fertilizer >550 kg ha−1 did not
significantly increase grain yield, but led to twice time higher NO3

− losses [71,72]. Bing et al. [73]
observed the peak of N emission at >180 kg N ha–1, because crop plant can only uptake required
amount to complete life cycle, when soil and environmental condition are favorable. The maximum N
loss from double cropping system under farmer practices was due to excessive N application (550 kg N
ha−1), and topdressing of N via broadcasting application method. This method of fertilizer application
is inefficient. Beside greater N loss in volatilization due to increased time of N granules exposed to sun
and air. There are also number of other disadvantages such as N fixation as granules cover large soil
mass and wrong placement since plant cannot utilize N as N move latterly over some distance from
the range of roots [73,74].

Based on the evidence of current research results, it was noticed that N leaching and drainage
occurred due to spring rainfall events and excessive irrigation. The cause of volatilization was the
raised temperature during the period from May to October in each year of entire experimental period.
An average >20% NH3 volatilization was observed by Cui et al. [18] due to higher temperature.
Another N loss was from denitrification pathway. It is a process, where NO3

− converts into N2 by
serial facilitation of soil microbes, depends on soil pH, aeration and energy [74]. The N denitrification
was low in 2H1YFP, and higher in all other cropping systems. In case of the N mineralization, it
was effective in 2H1YOPT

, 3H2Y and 1H1Y systems, indicates stimulated soil microbial activity in
optimized cropping systems, which increased plant available N. There was 210 kg N became available
for 2H1YOPT, 148 kg N for 3H2Y and 124 kg for 1H1Y. We noticed that maize crop had bigger N net
mineralization and N uptake than wheat crop. These results are in line with Ju et al. [75].
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4.3. Best Management Practices (BMPs) for Different Cropping Systems

Based on experimental findings, which are briefly described above and deep analyses of
management practices, showed that it is important to further optimize farming practices for reduction
of nitrate loss while sustaining yield. The results of scenario analyses indicated that there is an
opportunity to reduce some amount of N and irrigation from different cropping systems. In the
2H1YOPT cropping system, the cultivation of winter wheat using <200 mm irrigation and 100–150 kg
N ha−1 and summer maize with inputs of <150 mm irrigation and <100 kg N ha−1 would be both
environmentally and economically beneficial. Furthermore, irrigation ranging in between 100–150 mm
ha−1 and <150 kg N ha−1 for spring maize cultivation would be a suitable management practice. These
findings are in agreement with the conclusion of Zhao et al. [76] and Luo et al. [77]. Cultivation of
crops under conventional practices will further increase groundwater decline. Keeping field moisture
at optimum level and lowering N application would reduce the risk of environmental security [78].

5. Conclusions

It was a very critical decision to recommend an ideal cropping system considering simultaneously
environmental and socioeconomic factors of the region. Therefore, grain yield, water and N use
efficiencies under different cropping systems were compared through the WHCNS model, and
optimized management practices were explored by scenario analyses. The results indicated that
simulated soil water content, soil N concentration, leaf area index, dry matter and grain yield agreed
well with observed values. So, the model could be used to quantitatively analyze the N fates, water
and N use efficiencies under the different management practices. We concluded that replacing the
prevalent 2H1YFP cropping system with 1H1Y would be ecofriendly at cost of some grain yield decline.
Whereas, the 3H2Y showed insignificant results in terms of grain yield, and 2H1YFP was unsustainable.
The 2H1YFP system consumed 745 mm water and 1100 kg N ha−1 in two years. When farming practices
were optimized for two harvests in 1 year system (2H1Y)OPT, then grain yield improved and water
(18.12%) and N (61.82%) consumption were minimized. There was an ample amount of N saved, but
water conservation was still unsatisfactory. However, considering the results of scenario analyses,
it is recommended that winter wheat would be cultivated at <200 mm irrigation by reducing one
irrigation event.
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Abstract: As water levels in the Ogallala Aquifer continue to decline in the Texas High Plains,
alternative forage crops that utilize less water must be identified to meet the forage demand of the
livestock industry in this region. A two-year (2016 and 2017) study was conducted at West Texas
A&M University Nance Ranch near Canyon, TX to evaluate the forage production and quality of
brown midrib (BMR) sorghum-sudangrass (SS) (Sorghum bicolor (L.) Moench ssp. Drummondii) and
BMR pearl millet (PM) (Pennisetum glaucum (L.) Leeke)) harvested under three regimes (three 30-d,
two 45-d, and one 90-d harvests). Sorghum-sudangrass consistently out yielded PM in total DM
production in both tested years (yield range 3.96 to 6.28 Mg DM ha−1 vs. 5.38 to 11.19 Mg DM ha−1

in 2016 and 6.00 to 9.87 Mg DM ha−1 vs. 6.53 to 15.51 Mg DM ha−1 in 2017). Water use efficiency
was higher in PM compared to SS. The 90-d harvesting regime maximized the water use efficiency
and DM production compared to other regimes in both crops; however, some forage quality may be
sacrificed. In general, the higher forage quality was achieved in shorter interval harvesting regimes
(frequent cuttings). The selection of suitable forage crop and harvesting regime based on this research
can be extremely beneficial to the producers of Texas High Plains to meet their individual forage
needs and demand.

Keywords: harvesting strategies; forage yield and quality; forage sorghum; pearl millet; Texas
High Plains

1. Introduction

Alternative forage crops that utilize less water must be identified to meet the demands of
the livestock industry in the Texas High Plains as water levels in the Ogallala Aquifer continue to
decline [1–3]. Forage sorghums, including BMR SS, are widely utilized in the High Plains region
because of their relative drought and heat tolerance [4,5]. These forage types have potential to produce
large amounts of nutritious forage during summer months while the versatility of the crop allows for
incorporation into many different types of cropping or livestock operations [6]. However, less is known
about PM production in the region and the potential of the crop to meet some of these forage needs.

Pearl millet is one of the low-input crops primarily grown in semi-arid regions of Africa and
southeast Asia [7]. This crop is grown in the southeastern US primarily for grain purposes ([7], although
there were some attempts to highlight the forage purpose of PM [8,9]. Similar to sorghum, PM is also a
drought and heat tolerant crop that survives well under limited rainfed conditions [10]. Regrowth of
PM is affected by stubble height, cutting frequency, and stage of harvest [11]. Unlike many sorghums,
PM contains no prussic acid [11,12]. Both species have varieties that contain the BMR trait; therefore,
they have reduced lignin to increase forage quality and give producers more flexibility in harvest
scheduling [13].
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Therefore, PM may have a potential to be as productive as forage sorghums and provide the same
quality. Cutting height and yield attributes of PM and SS have been evaluated in Kansas and New
Mexico, but not in the Texas High Plains [6,9,11]. However, additional information is necessary to
identify the ideal cutting intervals to optimize yield and quality for SS and PM. Such knowledge will
help increase the production of these crops and provide more management versatility to producers as
they seek to meet the forage demands of the livestock industry in the region. The objectives of this study
were to (i) evaluate SS and PM forage production and regrowth patterns under three different harvest
intervals, and (ii) evaluate the effects of harvest interval on feed nutritive components and value.

2. Materials and Methods

2.1. Study Site, Experimental Design, and Crop Management

This study was conducted during the 2016 and 2017 growing seasons at the West Texas A&M
University Nance Ranch near Canyon (34◦58′6” N, 101◦47′16” W; 1097 m above sea level). The
experiments were conducted on Olton clay loam soil (fine, mixed, superactive, thermic, Aridic
Paleustoll). The plots were prepared for planting with two passes of a tandem disk followed by one
pass with a rotary tiller. ‘Bodacious’ BMR sorghum-sudangrass (7272 seeds kg−1, 85% germination,
98% purity) and ‘Graze King’ BMR pearl millet (176,211 seeds kg−1, 85% germination, 98% purity)
were planted at 75 and 85 seeds m−2, respectively, on 17 June 2016 using a tractor mounted 150 cm
wide Great Plains 3P500 grain drill (Great Plains Manufacturing, Salina, KS) with 19-cm row widths.
In 2017, a PM seed lot (116,280 seeds kg−1, 85% germination, 98% purity) was acquired from Winfield
United. On 31 May 2017, both species were planted at 85 seeds m−2. Main plot size was 24.4 by 18.2 m.
The planted area for each subplot was 3 by 6.1 m in both years. The experimental design was a nested
split plot with crop species being main plot and harvesting regime being sub-plot. The treatments
were replicated four times.

The crops were irrigated with a flow metered, surface drip line system with two lines 150 cm
apart and drip line emitters every 60 cm. The emitters applied 7.5 L h−1 and 25 mm of water was
applied weekly for 10 weeks. Soil samples prior to planting were analyzed for a forage sorghum yield
goal of 25 Mg ha−1. Phosphorus and potassium levels were found to be sufficient, but nitrogen (N)
was required. Urea N fertilizer was broadcast applied based on soil sampling recommendations on
12 July 2016 and 7 July 2017 at 84 kg N ha−1 and 78 kg N ha−1, respectively.

2.2. Forage Management and Physiology Measurements

Forage DM was sampled in three harvest regimes: three 30-d, two 45-d and one 90-d harvest.
Samples were cut at 15 cm cutting height within a one m quadrat. Two samples were taken per subplot
and the dry weights were averaged. Ratoon harvests were taken from the same sampled area each
time. Samples were oven dried at 60 ◦C for 120 h.

Leaf area index (LAI) was determined every 14 d and after each harvest beginning on 12 July 2016
and 21 June 2017, using Li-Cor 2200 plant canopy analyzer (Li-Cor Incorporated, Lincoln, NE, USA).
Two LAI measurements were obtained in each plot. A LAI measurement was defined as one above
canopy (incident) reading and four below canopy readings. The four below canopy readings were
taken across three rows and averaged for one LAI value. Measurements were collected under low
light at sunrise, sunset, or overcast conditions.

Photosynthetically active radiation (PAR) interception by the crop canopy was determined every
7 d beginning on 6 July 2016 and 21 June 2017 using AccuPAR Linear PAR Ceptometer, Model PAR-80
light measuring instrument (Decagon Devices, Pullman, WA, USA). Measurements were obtained by
placing the ceptometer diagonally across three rows. Measurements were collected under full sunlight
between 11:00 and 14:00 Percent light interception was calculated by dividing the average of two below
canopy PAR readings by one above canopy reading and multiplying by 100.
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2.3. Forage Analysis

Forage analysis samples were taken from aboveground biomass samples, ground with a wood
chipper and sent to Servi-Tech Laboratories in Amarillo, TX. Samples were ground through a Wiley
mill (Arthur H. Thomas Co., Philadelphia, PA, USA) to pass a 1-mm screen. Crude protein (CP), acid
detergent fiber (ADF), neutral detergent fiber (NDF), total digestible nutrients (TDN), and relative feed
value (RFV) were measured or calculated.

Crude protein was measured using the combustion method, an AOAC Official Method 990.03 [14].
The ADF analysis was measured using Ankom technology method 5 [15]. This method is a modification
of AOAC Official Method 973.18. The NDF analysis was performed with Ankom technology method 6,
a modification of AOAC Official Method 2002.04 [16]. Total digestible nutrients was calculated using
the formula: TDN = (NFC × 0.98) + (CP × 0.87) + (FA × 0.97 × 2.25) + (NDFn ×NDFD/100) − 10. Where
NFC = non-fibrous carbohydrate, FA = fatty acid, NDFn = nitrogen free NDF and NDFD = in vitro
NDF digestibility.

The RFV is a calculation of digestible dry matter (DDM) and dry matter intake (DMI) and a
constant. The RFV was calculated using the formula: RFV = (DDM × DMI)/1.29. The DDM was
calculated using the formula: DDM = 88.9 − (0.779 ×%ADF). The DMI was calculated by using the
formula: DMI = 120/%NDF.

2.4. Water Use Efficiency

Water use efficiency (WUE) measurements were taken in the 2017 growing season only. Plant
available soil water (PAW) at planting was taken in adjacent plots less than 50 m away from four
random sites to a depth of 75 cm using a tractor mounted Giddings hydraulic press (Giddings Machine
Company Inc., Windsor, CO). One core sample per plot, divided into three depth sectors: 0–15, 15–45,
and 45–75 cm, was taken at end-of-season harvest to determine PAW, weighed, then oven dried at
104 ◦C for 72 h. The PAW was found using the equation: PAW = [(volumetric water − permanent
wilting point)/100) × depth in cm of the measured soil profile]. The WUE was calculated using the
following formula: WUE = DM/[(PAW planting + total rainfall + total irrigation) − PAW harvest].

2.5. Weather Data

Weather conditions during the study in 2016 and climatic data were obtained from the National
Weather Service station for Canyon, TX approximately 7 km from the research site. In 2017, daily
maximum and minimum air temperature and rainfall were recorded from a weather station (Campbell
Scientific, Logan, UT, USA) located 100 m from the experimental site (Table 1). Canyon, TX has a mean
annual rainfall of 474 mm. Growing degree days (GDD) were calculated beginning June 2016 and May
2017 of each season using the formula: GDD = Σ {[(daily max. temp. + daily min. temp.)/2] − base
temp.} with base temperature = 10 ◦C, and maximum temperature = 34 ◦C [17,18].

Table 1. Average monthly air temperature and total rainfall near Canyon, TX for 2016–2017. Thirty
year averages (30-year) were calculated from data collected from the National Weather Service Forecast
Office from 1985–2015.

Month

Air Temperature Precipitation

2016 † 2017 ‡ 30-year 2016 2017 30-year

◦C mm

May 17.3 17.8 19.8 34 40 69
June 25.2 24.2 24.7 26 104 73
July 28.1 25.3 26.3 58 80 58

August 18.6 22.2 25.5 81 128 79
September 15.3 21.2 21.4 40 85 61

† 2016 weather data collected from the National Weather Service approx. 7 km from research site for Canyon,
TX. ‡ 2017 weather data collected from onsite weather station (Campbell Scientific, Logan, UT) 100 m from the
experimental site.
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2.6. Statistical Design and Analysis

Statistical analysis was performed using the PROC MIXED model in Statistical Analysis System
Version 9.4 (SAS Institute, Cary, NC, USA, 2017). The test years and replications were treated as
random and appropriate error term was used as denominator to determine the F-test significance.
Homogeneity of variance test was used to determine the appropriateness of combined test or ‘by year’
analysis. Based on this test, a separate analysis by year was carried out. The separate analysis was
also justified by different weather and crop-growing conditions existed in the two tested years. When
F-test for the treatment was significant, a LSD/PDIFF (α = 0.05) was used to test significant differences
between treatment means unless otherwise noted.

3. Results and Discussion

3.1. Weather Conditions

The 2016 growing conditions were unfavorable due to warmer temperatures in June and July
and cooler temperatures, 6.9 and 6.1 ◦C below the average in August and September (Table 1). For
the month of June, in 2016, only 35% of the 30-year average rainfall accumulated. However, in 2017
growing conditions were similar to the 30-year average. June through September averaged 145% more
precipitation than the 30-year average. In 2016, both crops accumulated 134 GDDs before the crops
emerged, although in 2017, 161 GDDs were accumulated. The 2016 growing season accumulated
1461 GDDs while in the 2017 growing season, 1377 GDDs were accumulated.

3.2. Forage Production

The maximum amount of forage was produced in the 90-d harvest interval with 11.05 and 15.51
Mg DM ha−1 in SS and 6.29 and 9.87 Mg DM ha−1 in PM in 2016 and 2017, respectively (Figure 1,
Table 2). When total DM harvest intervals were averaged, PM only produced 70% of the total SS
DM. These results were contrary to the results reported by Bishnoi [8], where they reported that PM
produced 1.5 to 2 times the amount of forage compared to SS and forage sorghum. In 2016, the SS
yields for the 30-d and 45-d harvests ranged from 48–45% of the 90-d harvest. While in 2017, 30-d and
45-d harvest yields ranged from 42–45% of the 90-d harvest.
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BMR Pearl Millet Forage Yield 

Figure 1. Average total (summed across harvest intervals) brown midrib (BMR) sorghum-sudangrass
and BMR pearl millet aboveground dry matter (DM) in Canyon, TX during 2016–2017. The same
lowercase letter represents similar means within year, within crop (α < 0.05).
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In 2016, PM yields for the 30-d and 45-d harvests ranged from 63–60% of the 90-d harvests (Table 2).
While in 2017, 30-d and 45-d harvests ranged from 60–57% of the 90-d PM yields. This is contrary to
Stephenson [11] that found PM to produce 83% of total DM when comparing a three cut system to a
two cut system when harvested at the boot stage.

In SS, 45-d harvest ratoon cut responded differently in both years (Table 2). There was no difference
between the first harvest and the ratoon harvest in the first year, while in 2017, more forage was
produced in the first harvest. This can be attributed to above average rainfall received in June and July
of 2017. In 2016, the ratoon cut made up 47% while in 2017, the ratoon cut made up only 35% of the
total DM yield. This is higher when compared to the results reported in Maughan [19], where they
reported that the ratoon cut yielded 29% of the total DM produced. However, the current study results
are similar to the results reported by Duncan [20], where they reported the ratoon efficiency ranged
between 35 and 45%.

In both years, the PM 30-d harvest intervals responded similarly with 13–15% of the total DM
yielding from the first cut and 64–67% produced from the second cut (Table 2). This differs from
Stephenson [11] that found 33% of the total forage DM yielding from the first cut while the second cut
yielded 44% of the total forage DM. However, the third cut responded similarly to Stephenson [11]
with 23% of the total DM. Therefore, most of the growth in the current study was produced between 30
and 60 days.

3.3. Forage Quality

In the 30-d interval, when averaged across harvests, the SS CP content was 10.2 and 10% in
2016 and 2017 growing seasons, respectively (Table 2). This is similar to the results reported by
Sanderson [21] with an average CP content of 10.9%. Crude protein did not differ significantly among
three harvests in 2016. These results are slightly higher than the findings by El-Latif [22] that reported
decreasing CP at each cut, 9.0, 7.8, and 7.5% CP for first, second, and third harvests, respectively.
However, the 2017 CP results were consistent with the results of El-Latif [22], showing gradual decrease
in CP content from first to third harvest. Sanderson [21] also reported an ADF content of 36.5% when
harvests were averaged together. Their findings were similar to the current study, where SS ADF was
35.8 and 38%, when averaged across the three harvest intervals, in 2016 and 2017, respectively. In 2016,
the ADF content in SS at third harvest was higher than first two harvests; whereas the NDF and TDN
values were decreased gradually from first to third harvests. The 2017 results for ADF were slightly
differed from 2016 results that showed higher ADF for second harvest.

In both years, the PM 30-d harvest interval %CP decreased with each harvest (Table 2). When
averaged across the three harvests, the CP was 10.8% compared to 17.1% reported by Rostamza [23]. In
2016, both ADF and NDF increased with each harvest; however, only ADF increased in 2017 while NDF
declined. This is contrary to Rostamza [23] that found as water is limited, ADF increases. Rostamza [23]
reported TDN decreases as available water decreases; however, in this study, rainfall was less in 2016
but produced a TDN that was five percentage points higher than the TDN in 2017 when averaged
across harvests. At the third harvest, in 2016, RFV declined but in 2017, RFV increased from the
second harvest.

Sorghum-sudangrass, in the 45-d harvest, had higher CP and RFV in the ratoon cut but lower
TDN (Table 2). However, in 2017, a higher CP was found in the first harvest. In the 90-d harvest,
only the DM differed in both years between crops except for NDF in 2017. This study reported
slightly better CP than Nasiyev [24] that reported 3.6, 2.4, and 3.0% CP in course millet, sorghum, and
sudangrass, respectively.

In the 45-d harvest, PM had higher CP and TDN in the first harvest compared to the ratoon harvest
(Table 2). However, only in 2016, the first harvest had a higher RFV. This study reported slightly lower
NDF when compared to Cherney [25] that found BMR PM to contain 67.7 and 62.3% NDF in the first
and second harvest, respectively. On the contrary, Cherney [25] reported lower ADF% in the first
and second cut of 34.5 and 31.4%, respectively. Crude protein content conveyed by Cherney [25] is
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similar to 2016. The 2016 CP for each cut is 14.8 and 12.0% compared to 14.6 and 12.3% CP reported by
Cherney [25] for the first and second harvest, respectively. The CP of the first and second harvest in
2017 were 2:1 and fifty percent lower than values reported by Cherney [25], respectively.

As both crops advanced in maturity, an overall decline in forage quality can be noted. This is
attributed to a decline in the leaf:stem ratio in both crops (data not shown). When the leaf:stem ratio
degenerates, more mass is allocated in the stem; thus, more lignin is produced and the forage quality
is reduced.

3.4. Crop Canopy and Morphology

The LAI in the 90-d SS harvest responded similarly in both years, plateauing between 1078 and
1029 GDDs (Figures 2 and 3). However, 2016 had a 3% higher end of season LAI value, 4.65, when
compared to 4.50 in 2017. This is similar to LAI values of 4.5 to 5.0 in the 2010 growing season reported
by Maughan [19]. However, the 2016 and 2017 study are much lower than Singh [26] that reported a
LAI value of 6.4.

Figure 2. Brown midrib (BMR) sorghum-sudangrass and BMR pearl millet leaf area index (LAI) for
three different harvest intervals (three 30-d, two 45-d, and one 90-d) in 2016 at Canyon, TX, USA.
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In 2016, the 90-d PM harvest reached maximum LAI, 3.95, at 1078 GDDs and ended the season at
a LAI of 3.83 (Figure 2). However, LAI in 2017 peaked at a value of 5.64 at 1029 GDDs and sloped off at
the end of the season to a LAI of 4.61. This study is much lower than results found by Singh [26] that
reported LAI values of 11.4 and 6.5 in unstressed and severely stressed PM, respectively. Singh [26]
attributed this to the severely stressed plants having higher ground cover due to the death of the lower
leaves and the incident interception of the upper profile of the crop canopy.

In both years and both crops, the 45-d harvest had a higher LAI value before harvest than at
the end of the season (Figures 2 and 3). A similar trend occurred in the 30-d harvest interval where
maximum LAI was attained before the second harvest. The SS, 30-d harvests recovered from the
maximum LAI to the end of season LAI, 52% and 47% in 2016 and 2017, respectively. While 30-d
harvest, PM recovered to 57% and 54% in both years after the second harvest. In 2016, both SS and PM
recovered to 93 and 98% of the maximum LAI; however, in 2017, only 88 and 73% of the LAI value was
reached in SS and PM, respectively.

Figure 3. Brown midrib (BMR) sorghum-sudangrass and BMR pearl millet leaf area index (LAI) for
three different harvest intervals (three 30-d, two 45-d, and one 90-d) in 2017 at Canyon, TX, USA.

In 2016, in PM, end of season light interception ranged 20% between the three cutting intervals
(Figure 4). The 30, 45, and 90-d harvest intervals had end of season PAR interception at 67, 77, and 87%
PAR, respectively. In both years, PM reached maximum PAR, 90 and 98%, 350 GDDs before the final
harvest (Figures 4 and 5). However, SS in both years reached maximum PAR, 94 and 96%, 200 GDDs
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after PM reached maximum PAR interception. This is similar to Maughan [19] that found energy
sorghum reached 95% PAR interception.

In 2016, both species in the 45-d harvest reached 82% PAR before harvest; while in 2017, both
crops averaged 93% intercepted PAR before harvest (Figures 4 and 5). In 2017, PM seemed to have
higher light interception after harvest. Across both species and years in the 30-d harvest interval,
maximum PAR was achieved right before the second harvest. The SS peaked at 90 and 94% and PM
peaked at 81 and 98% PAR in both years, respectively.

In both years after a harvest, PM had higher LAI and PAR than SS. This can be attributed to at
300 GDDs, SS produced 69 and 80% of PM leaf:stem ratios in 2016 and 2017, respectively (data not
shown); and SS produced 39% of PM tillers per plant at 550 GDDs (data not shown). Because PM had
higher values in all four of these attributes, the crop was better able to reduce soil moisture evaporative
losses resulting in a higher WUE.

Figure 4. Brown midrib (BMR) sorghum-sudangrass and BMR pearl millet intercepted
photosynthetically active radiation (PAR) for three different harvest intervals (three 30-d, two 45-d, and
one 90-d) in 2016 at Canyon, TX, USA.
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Figure 5. Brown midrib (BMR) sorghum-sudangrass and BMR pearl millet intercepted
photosynthetically active radiation (PAR) for three different harvest intervals three 30-d, two 45-d, and
one 90-d) in 2017 at Canyon, TX, USA.

3.5. Water Use Efficiency

Water use efficiency (WUE) was evaluated in 2017 only (Table 3). The 90-d harvest had higher
WUE compared to other two harvest intervals in both SS and PM. When compared among the crop
species, PM showed higher WUE than SS in 45 and 90-d harvest intervals. Overall, the PM WUEs
in 30, 45, and 90-d were 10.9, 11.8, and 25.8 kg DM ha−1 mm−1 when compared to 10.2, 9.5, and
16.4 kg DM ha−1 mm−1 in SS, respectively. This concurs with Singh [26] that found PM to have a
higher WUE than sorghum (17.9 vs. 14.4 kg DM ha−1 mm−1).
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Table 3. Water use efficiency (WUE), dry matter (DM), and total water use means of brown midrib
(BMR) sorghum-sudangrass and BMR pearl millet under three different harvest intervals (three 30-d,
two 45-d, and one 90-d) near Canyon, TX in 2017.

Crop Interval
DM Total Water Used WUE

kg ha−1 † mm kg ha−1 mm−1

Sorghum-sudangrass
30 6528bA 599 10.2bA
45 7051bA 596 9.5bB
90 15,513aA 602 16.4aB

Pearl Millet
30 5996bA 591 10.9bA
45 5637bB 591 11.8bA
90 9873aB 601 25.8aA

SE 417.8 2.2 0.701
† Columns with same lowercase letter are not different between harvest intervals within crop and columns with
same uppercase letter are not different between crops within harvest interval.

4. Conclusions

The maximum amount of forage was produced in the single 90-d harvest for both crops. It was
also concluded that rapid growth occurred between 30 and 60 d after emergence. Sorghum-sudangrass
out-yielded PM; however, PM still may be a viable forage option for producers in the region. As
the crop matured, forage quality decreased and forage DM production increased; however, some
forage quality attributes can be retained with more frequent harvests. Although the 90-d harvest
regime maximized forage DM production, if higher forage quality is desired, shorter cutting intervals
are recommended. Frequent harvests reduce DM production potential while retaining high quality
potential. When water is a limiting factor, a PM, 90-d harvest interval, production system is desirable
due to higher WUE. Further research needs to be conducted to understand PM crop establishment and
production for the Texas High Plains.
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