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ABSTRACT 

New agricultural production strategies are needed to 1) deliver nutritious, affordable, and 

accessible food; 2) maintain high and stable yield in the face of climate change; and 3) maintain or 

restore ecosystem integrity.  This dissertation aims to address this challenge at multiple scales.   

Chapter 2 reevaluates the dominant narrative that food production must double by 2050 to 

meet world demand.  This narrative creates an urgency around increasing production that tends to 

mute concern about resulting environmental impacts.  An updated analysis of food demand 

projections showed that demand will increase only 26-68% between 2014 and 2050 (rather than 

100%).  A review of published goals for agricultural greenhouse gas emissions and nutrient losses to 

water bodies showed that, at the same time, agricultural pollution must decrease rapidly to maintain 

ecosystem integrity.  Together, these quantitative targets for production and environmental impacts 

provide a more balanced set of priorities for “sustainable intensification” in agricultural research and 

policy. 

The subsequent chapters explore opportunities for improving yield stability at the farm level 

through diversification and conservation practices.  Chapter 3 analyzes the effects of multi-species 

cover crop mixtures on the mean levels and spatiotemporal stability of cash crop yield and soil N 

supply in an organically-managed three-year rotation of maize (Zea mays L.), soybean (Glycine max 

L.), and wheat (Triticum aestivum L.) in central Pennsylvania.  Results show that cover crop mixtures 

that produced biomass with a low carbon:nitrogen (C:N) ratio increased both soil N supply and maize 

yield, while high-C:N ratio cover crops reduced both N supply and maize yield.  Soil N supply 

explained 23.0% of the variation in maize yield.  Cover crop mixtures did not affect soybean or wheat 

yield.  A novel stability metric developed here (the Consistent Performance Index) showed that the 

stability of soil N supply was a strong predictor of the stability of maize yield (R2 = 0.849).  These 

results suggest that low-C:N ratio cover crops can promote maize yield stability.   

Chapter 4 evaluates the potential for cover crops to mitigate a specific climate change impact: 

increased drought stress.  Cover crops may affect cash crop drought physiology by transpiring soil 

water in the spring and influencing soil N dynamics following termination.  Both water- and N-stress 

may impair yield formation by reducing radiation interception (RI), radiation use efficiency (RUE), 

and harvest index (HI).  Nitrogen limitation may also help crops tolerate drought by reducing 

transpirative demand and stimulating root growth.  In contrast, high N supply may reduce drought 

stress directly by enabling osmotic adjustment.  Rainout shelters were deployed in maize grown 

following functionally-diverse cover crops and maize response was evaluated with multiple repeated 
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ecophysiological measures over two growing seasons.  Results indicate that cover crop N supply is 

critical for yield formation under both drought and ambient conditions.  Drought reduced maize yield 

by 23.2 %, while the cereal rye (Secale cereale L.) cover crop reduced yield by 33.6%, likely due to 

N immobilization.  A red clover (Trifolium pratense L.) cover crop resulted in high and stable maize 

yield across years and drought conditions.  Ecophysiological measurements indicate that cover crop N 

supply was critical for canopy formation and chlorophyll content, enhancing RI and RUE.  N 

limitation did not confer drought adaptation, nor did N supply substantially improve osmotic 

adjustment.  Due to consistent rains, there was no effect of cover crop transpiration on soil moisture at 

termination.  

Chapter 5 extends this question by evaluating the drought-mitigating effects of long-term soil 

improvement using the Cycles cropping system model.  Management practices that improve soil 

infiltration rate (IR) and available water capacity (AWC) may reduce yield losses under drought, but 

this effect has not been rigorously assessed.  Maize yield under a range of historical and future 

climate conditions was simulated in soils parameterized based on the results of a long-term (49-year) 

field study of four different soil disturbance regimes, which led to substantial differences in IR and 

AWC.  Future conditions were simulated based on the RCP8.5 high-greenhouse gas emissions 

scenario using data from the CCSM4 climate model downscaled with the MACAv2METDATA 

methodology.  Overall, reduced soil disturbance increased simulated yield by up to 13.3% in 

moderate drought conditions and up to 11.7% in severe drought.  Improved AWC increased yield 

more (8.52%) than improved IR (3.33%).  The benefit of improved AWC was shown to depend on 

the retention of crop residues, which reduced surface evaporation.  Simulations indicate that 

improving soil hydraulic properties may help reduce yield losses under drought, but yield will still 

decline due to increased temperature and reduced growing season precipitation under climate change.   

Overall, these results indicate that cover cropping and reduced soil disturbance may help 

achieve high and stable maize yield while improving environmental quality, thereby contributing to 

sustainable intensification.  However, to avoid maize yield losses, cover crops must be managed to 

ensure that they do not reduce N supply, especially in organic systems.  Future work is needed to 

understand the interacting effects of long-term soil improvement and short-term nutrient dynamics on 

maize drought physiology.  
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Chapter 1 
 

Introduction  

1.1 The Challenge 

Agriculture sits at the nexus of ecology and society.  It is a critical human life-support 

system, a major economic sector, a dominant land use, and a leading contributor to numerous 

environmental problems, including deforestation, greenhouse gas emissions, and eutrophication.  

Going forward, growing population and wealth will increase demands on agriculture while global 

climate change threatens to disrupt production.  Humanity must confront these challenges to underpin 

future prosperity and maintain functioning ecosystems.  Concerted action now can lead to better 

outcomes for people and the planet over the coming decades.  

Globally, farmers produce staggering amounts of food every year.  For instance, in 2016, 

farmers produced over a billion tonnes of maize and almost 800 million tonnes of milk (FAO 2018).  

Achievements such as these are the result of thousands of years of informal crop and livestock 

selection and the development of locally-adapted farming practices, followed by a few hundred years 

of formal scientific efforts to improve germplasm, optimize soil nutrient supply, control pests, and 

mechanize production tasks.  These gains should not be taken for granted, nor should they be 

worshipped.  Though intensified farming has led to many environmental and social challenges, the 

productive potential of modern agriculture will be an asset as the system’s effects are brought back 

into better balance.  

Amid unprecedented agricultural abundance, over 800 million people still experience food 

insecurity annually (FAO et al. 2017).  This is primarily due to distributional injustice—lack of access 

and affordability—rather than limited supply.  Poverty, armed conflict, political instability, and lack 

of infrastructure are the main causes of hunger.  While subsistence farmers often experience food 

insecurity, those with disposable income in towns and cities enjoy ever more options and 

convenience.  Moreover, the diet-related diseases of the rich world now afflict many in developing 

countries, as hunger gives way to a false abundance of nutrient-poor food.  The food system must be 

restructured to ensure that all humans have equitable and secure access to sufficient quantities of 

nutritious, culturally-appropriate foods.   
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Agricultural production, and hence agricultural research, has an important role to play in this 

transition.  The development of scientific knowledge and new farming techniques can enable 

production of a more diverse range of crops with improved nutritional profiles, reduced 

environmental impacts, and increased resilience to climate change.  Agriculture does not exist in a 

vacuum and systemic change will require enabling shifts in political and economic structures.  

Scientific discovery can support this social change process by creating new technical, economic, and, 

thereby, political possibilities.  For instance, the development of no-till planting techniques and other 

soil conservation measures that were economically viable for farmers enabled the passage of the 

Conservation Compliance requirement in the 1985 Farm Bill.  By the same token, research is needed 

now to develop production systems that could underpin an equitable and healthy food system.   

These production systems must also support the conservation and regeneration of ecosystem 

functions that provision humanity’s other life-support systems: clean water, clean air, biodiversity, 

and a stable climate.  As currently practiced, agriculture is a threat to these indispensable functions.  

Land conversion, soil disturbance, irrigation water withdrawal, fertilizer application, and the use of 

pesticides are among the leading causes of habitat loss, biodiversity decline, soil erosion, groundwater 

depletion, greenhouse gas emissions, and eutrophication (Robertson and Swinton 2005, Foley et al. 

2011, Hallmann et al. 2017, Haacker et al. 2015).  In some cases, such as reactive nitrogen (N) 

pollution and genetic diversity loss, humanity has already exceeded the globe’s capacity to absorb our 

impact, also known as a “planetary boundary” (Steffen et al. 2015).  In others, such as freshwater use, 

human impacts are substantial but the boundary has not yet been passed, so the imperative is to 

ensure that impacts do not grow.   

Projected changes in global population, wealth, diet, and lifestyles threaten to exacerbate 

many of these challenges.  As the population grows toward 9.8 billion in 2050 (UN 2017) and more 

people adopt diets high in meat and dairy products, global food demand may increase by 26-68%, 

compared to 2014 (Hunter et al. 2017).  This demand could be substantially reduced by reducing food 

waste, limiting the use of food-competitive crops for biofuels, or shifting toward less resource-

intensive diets (Wise 2013, Foley et al. 2011, Kummu et al. 2017).  However, food demand is likely 

to increase. 

Increased demand, in turn, will spur both economic and political responses aimed at 

increasing production.  High commodity prices in 2008-2012 helped drive the conversion of over 7 

million acres of uncultivated U.S. land for production (Lark et al. 2015).  The 2014 U.S. Farm Bill 

also reflected this context, as the number of acres set aside in the Conservation Reserve Program was 

reduced from 32 to 24 million, and new safety net programs were instituted that assumed a “new 
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normal” of high prices.  While prices have since moderated, future increases in global demand are 

likely to motivate continued land conversion and intensification of agricultural inputs such as 

fertilizers and pesticides, risking further damage to ecosystem integrity.  Moreover, given current 

market structures, production increases spurred by price signals in the global commodity market are 

unlikely to lead to the shifts in food access necessary to achieve nutritional security.  Intensifying 

production in a way that is adapted to local conditions, both environmental and dietary, can help meet 

demand while preserving natural resources (Cunningham et al. 2013).  

The challenge of meeting increased demand sustainably will be further complicated by the 

changing climate.  Higher temperatures and altered precipitation patterns are projected to depress 

mean crop yields in many areas.  Already, Lobell et al. (2011) estimate that climate change reduced 

global maize (Zea mays L.) and wheat (Triticum aestivum L.) yields by 3.8% and 5.5%, respectively, 

from 1980-2008.  In the main cropping region of the United States, increased temperature and water 

stress are projected to reduce maize yield by up to 30-40% by the end of the 21st century under a 

high-emissions scenario (Jin et al. 2017).  This projection accounts for the ameliorating effect of by 

higher atmospheric CO2 concentration, which increases carboxylation efficiency in C3 crops and 

transpiration efficiency in both C3 and C4 crops (Jaggard et al. 2010, Walthall et al. 2013).  The 

combination of higher temperature, a shift in rainfall patterns, and elevated CO2 concentration is 

likely to boost yield for some crops in some regions, such as soybean (Glycine max L.) grown in 

cooler conditions (Jin et al. 2017).  However, the weight of the evidence suggests that yields are 

likely to decline, especially in tropical regions (Challinor et al. 2014).   

Some authors have suggested that genetic and agronomic adaptation can substantially reduce 

or even eliminate the negative yield effects of climate change (Butler and Huybers 2013, Cassman et 

al. 2011).  For instance, shifting planting dates to earlier in the season may help avoid extreme heat 

and drought in mid-to-late summer (Teixeira et al. 2017), though this strategy may increase the risk of 

frost damage.  Opportunities for double-cropping (Wu et al. 2018) may expand under climate change, 

enabling intensification of production on existing cropland.  However, a global analysis suggests that 

large areas of the globe will enter a climate regime so different from that under which current 

cropping is practiced that substantial shifts in cropping practices will be required (Pugh et al. 2016), 

creating a high demand on adaptation resources.  Likewise, as breeding programs shift their focus to 

climate adaptation, it may be more difficult to sustain long-term trend rates of yield improvement.  

Climate change may also depress yields by increasing atmospheric ozone concentrations, weed 

competitiveness, and damage from insects and pathogens (Walthall et al. 2013, Hatfield et al. 2011).  

We must prepare for the possibility that climate change will act as a strong yield drag.   
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In addition to depressing mean yields, climate change is projected to increase the frequency 

of extreme weather events (Walsh 2014), making production more variable in time and space.  A 

global meta-analysis (Challinor et al. 2014) found that shifts in temperature and precipitation patterns 

are likely to increase yield variability.  However, a statistical modeling study found that the effect of 

increased CO2 concentration on transpirative efficiency eliminated the increase in yield variability, 

though the authors note that this effect benefit may be overestimated (Urban et al. 2015).  Extreme 

weather can affect yield in ways not typically captured in modeling studies, such as by causing 

flooding, anaerobic soil conditions, catastrophic erosion, and field management challenges, so 

uncertainty remains about the effect of climate change on yield variability.  Increased variability 

would heighten the logistical challenge of providing food where it is needed and may lead to price 

swings, intensification of environmentally-risky management practices, conversion of native 

ecosystems, and social unrest (Bellemare 2015).  

In short, new strategies are needed to develop production systems that can deliver nutritious, 

affordable, and accessible food; maintain high and stable yield in the face of climate change; and 

maintain or restore ecosystem integrity.  The goal of my dissertation has been to help develop these 

strategies.   

1.2 Clarifying Goals for Sustainable Intensification 

The nexus of challenges described above is widely recognized among agricultural scientists.  

One commonly-discussed strategy to address it—simply put, producing more food with less 

pollution—is typically termed “sustainable intensification” (Garnett et al. 2013, Pretty and Bharucha 

2014, Rockström et al. 2016).  Though this concept implies that past intensification has not been 

sustainable, and therefore that farming must change, in practice the term is frequently used to justify a 

continuation of the status quo (e.g., Monsanto 2008, Ziegler 2017).  In part, this is because the 

concept of sustainable intensification has been conflated with a dominant narrative that food 

production must double by 2050 to meet world demand.  The focus on doubling food production 

creates an urgency around increasing production, which in turn mutes concern about resulting 

environmental impacts and annuls discussion of alternatives to conventional farming practices.  

Related calls for agriculture to become more environmentally sustainable lack urgency and 

specificity, rendering them weak.  This imbalanced narrative, in which production is privileged over 

conservation, exerts a strong influence on agricultural research and policy priorities. 
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To help reframe this narrative, I worked with colleagues to update the two most widely-cited 

food demand projections (Tilman et al. 2011, Alexandratos and Bruinsma 2012).  Our analysis, 

presented here as Chapter 2 and published in BioScience (Hunter et al. 2017), finds that food demand 

will increase only 26-68% between 2014 and 2050 (rather than 100%).  This lower target relieves 

pressure for rapid intensification.  We also reviewed published goals for agricultural greenhouse gas 

emissions and nutrient losses to water bodies, which indicate that agricultural pollution must decrease 

rapidly to maintain ecosystem integrity.  Together, these quantitative targets for production and 

environmental impacts provide a more balanced set of priorities for agricultural research and policy.   

1.3 Diversification and Stability 

Meeting global food demand while restoring ecosystems and adapting to climate change will 

require efforts at multiple scales.  For instance, global trade agreements will affect the ability to 

balance regional shortfalls and surpluses, while also shaping the economic outlook of smallholder 

farmers in developing countries.  Regional water stewardship will determine the potential for 

continued irrigation in arid regions and therefore the mix of crops that can be grown.  The position of 

different modes of production and conservation on the landscape will influence the rates of nutrient 

and sediment loss, as well as habitat suitability for wildlife.  At the farm level, choice of cropping 

system and management will affect the local biotic and abiotic conditions that interact with annual 

weather to determine crop yields.  There are opportunities to enhance stability of food production and 

supply at all of these levels.  This research is focused on improving yield stability at the farm level 

through diversification and conservation practices.  

Adding biological diversity to agricultural systems has the potential to increase resistance and 

resilience in the face of stochastic environmental conditions.  Diversification in space, such as by 

increasing the number of species present within a plant stand, can increase complementation and 

facilitation (Hooper et al. 2005).  In managed agricultural systems, species can be chosen to ensure 

that plant mixtures contain functional traits that contribute to achieving agronomic and environmental 

goals.  Moreover, many diversification practices, such as crop rotation, cover cropping, and 

perennials, have the potential to increase soil carbon and nitrogen content; enhance nutrient cycling; 

and improve soil structural properties that underpin water capture, storage, and drainage (McDaniel et 

al. 2017, Blanco-Canqui et al. 2015, Ernst et al. 2018).   
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Chapter 3 analyzes the effects of multi-species cover crop mixtures on the mean levels and 

spatiotemporal stability of cash crop yield and soil N supply.  I analyze results from the first phase of 

the Cover Crop Cocktails project, an organically-managed three-year rotation of maize, soybean, and 

wheat in which a range of cover crop monocultures and mixtures were planted in two positions in the 

rotation (Murrell et al. 2017).  This analysis is motivated by ecological literature indicating that more-

diverse plant communities exhibit greater temporal stability of biomass production and other 

ecosystem services (Hooper et al. 2005).  In general, diversifying crop rotations and adding cover 

crops is linked to increased yield stability (e.g., Gaudin et al. 2015).  Cover crop mixtures have been 

shown to have a range of effects on cash crop yields, with a strong relationship between cover crop 

biomass carbon:nitrogen (C:N) ratio and yield of the following maize crop (Finney et al. 2016, White 

et al. 2017).  However, the effects of cover crop mixtures on cash crop yield stability have never been 

tested, to the best of my knowledge.  Nor has the mechanistic relationship between cover crop 

diversity, the stability of soil N supply, and the stability of cash crop yield.  The results of this chapter 

illustrate the potential for cover cropping in general, and cover crop mixtures in particular, to help 

sustain high and stable crop yields under organic management conditions.   

Chapter 4 evaluates the potential for cover crops to mitigate a specific climate change impact: 

increased drought stress.  Cover crops have been shown to influence a range of abiotic and biotic 

properties that influence a crop’s response to moisture deficit.  First, cover crops transpire water in 

the spring, which may deplete soil reserves needed for cash crop growth (Ewing et al. 1991).  

However, cover crops also have the potential to increase water infiltration and improve soil properties 

that enable greater water storage (Blanco-Canqui et al. 2015; Basche 2017); reduce surface 

evaporation (Jones et al. 1969); enable cash crops to grow deeper roots (Chen and Weil 2010); and 

increase colonization of arbuscular-mycorrhizal fungi, which may enhance drought tolerance (Kabir 

and Koide 2002, Boomsma and Vyn 2008).  

While many of these effects require years to develop, in the short term, cover crops may also 

affect cash crop drought physiology by influencing soil N dynamics.  Availability of nitrogen and 

water are critical determinants of plant performance (Gonzalez-Dugo et al. 2010).  Both water- and 

N-stress ultimately impair yield formation by reducing radiation interception (RI) and radiation use 

efficiency (RUE), two critical controls on photosynthesis and plant growth (Stöckle and Kemanian 

2009, Wolfe et al. 1988).  Water- and N-stress also both affect development of reproductive tissues, 

and therefore the harvest index (HI) (Earl and Davis 2003).  Some have suggested that N limitation 

may help crops tolerate drought (Radin and Parker 1979) by reducing transpirative demand and 
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stimulating root growth (Bennett et al. 1986).  In contrast, high N supply may reduce drought stress 

directly by enabling osmotic adjustment.   

I tested the effects of cover crops on the drought physiology of the following maize crop with 

a field study embedded in the Cover Crop Cocktails project.  Along with a team of collaborators, I 

designed and built a set of modular rainout shelters, which I then deployed in maize grown following 

functionally-diverse cover crops.  Cover crop treatments were selected to provide a range of 

functional traits with respect to spring transpiration and biomass C:N ratio.  The results of this chapter 

provide the first report of the effects of cover crops on maize yield response to experimental drought 

and may help farmers design cover cropping strategies that increase their drought resilience.   

Chapter 5 extends this question by evaluating the drought-mitigating effects of long-term soil 

improvement.  Since soil structural properties change slowly, it is difficult to evaluate their effects in 

a field study.  Both anecdotal reports and long-term research studies indicate that management 

practices that improve soil hydraulic properties can reduce yield losses under drought.  Basic soil 

physics suggests that improving soil structure should help soils infiltrate and retain more water, 

enabling crops to continue growing during droughts.  However, there is little research that 

quantitatively assesses increased drought resilience in improved soils.  As a result, it is difficult to 

assess the potential for soil improvement to aid drought adaptation. 

I used the results of a long-term (49-year) field study of different tillage methods (Kumar et 

al. 2012a,b) to parameterize soils in the Cycles agroecosystem model, which shares modules with C-

Farm (Kemanian and Stöckle 2010) and CropSyst (Stöckle et al. 2014).  Long-term soil management 

strongly influenced infiltration rate (IR) and available water capacity (AWC), two critical hydraulic 

properties that determine precipitation capture and storage.  Across a gradient of reduced soil 

disturbance from conventional tillage to a woodlot control, IR increased by more than 19-fold and 

AWC by more than 2-fold (Kumar et al. 2012b).  I simulated the effects of these changes in soil 

properties across a range of historical and future climate conditions, with future conditions simulated 

based on the high-greenhouse gas emissions scenario RCP8.5.  I evaluated the relative effects of 

AWC and IR and their interaction with residue management, which affects soil surface evaporation.  

Results illustrate the scope for protecting maize yield under drought by enhancing water capture and 

storage with soil-building practices.   
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1.4 Conclusion 

The chapters presented here contribute in a variety of ways to the overall challenge of 

developing a food system that can provide nutritional security and ecosystem integrity in the face of 

climate change.  By reshaping researchers’ mental models, Chapter 2 will help ensure that the 

research questions asked today move agriculture in the right direction for the future.  The subsequent 

chapters assess the potential for specific management strategies to support high and stable crop yield 

despite environmental stochasticity.  In particular, Chapters 4 and 5 inform both short- and long-term 

strategies for adapting cropping systems to increased drought stress through diversification and 

conservation strategies such as cover crops and reduced tillage.  It is my hope that these results 

contribute to a greater body of scientific work that helps spur practical change, which in turn opens 

possibilities for economic and political transformation toward a more just and environmentally 

sustainable food system.  
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  Chapter 2 
 
Agriculture in 2050: Recalibrating Targets for Sustainable Intensification 

2.1 Introduction 

The prevailing discourse on the future of agriculture is rife with the assertion that food 

production must increase dramatically—potentially doubling by 2050—to meet surging demand.  

Many authors also call for agriculture to become more environmentally sustainable, but with little 

urgency and few quantitative targets.  The result: an imbalanced narrative that heavily privileges 

production over conservation.  This imbalance persists despite calls in the growing sustainable 

intensification (SI) literature to treat food production and environmental protection as equal parts of 

agriculture’s grand challenge (Robertson and Swinton 2005, Garnett et al. 2013, Pretty and Bharucha 

2014, Rockström et al. 2016).   

We aim to rebalance this narrative by laying out quantitative and compelling SI targets for 

both production and the environment.  These goals will clarify the scope of the challenges that 

agriculture must face in the coming decades; focus research and policy on achieving specific 

outcomes; and ensure that SI efforts lead to measurable environmental improvements. 

Our targets are based on the following standards: 1) SI production goals should aim to meet 

projected global food demand, while recognizing that factors beyond aggregate production also affect 

hunger and malnutrition (FAO et al. 2015, Schipanski et al. 2016); and 2) SI environmental goals 

should aim to restore and maintain ecosystem functioning in both managed and natural systems 

(Neufeldt et al. 2013, Rockström et al. 2016).  

Many authors call for production increases of 60-100% by 2050, based on two recent food 

demand projections (Tilman et al. 2011, Alexandratos and Bruinsma 2012).  These goals appear clear 

and compelling, but they exaggerate the scale of the production increase needed by 2050 because they 

misinterpret the underlying projections and ignore recent production gains.  Moreover, the projections 

are often simplified into a goal of doubling yields, which serves as an urgent rallying cry for research, 

policy, and industry (Monsanto 2008, Foley et al. 2011, Tilman et al. 2011, Ray et al. 2013, Long et 

al. 2015, Buckley 2016).  This, in turn, fosters a produce-at-all-costs mentality, which may exacerbate 

existing environmental challenges by increasing the use of fertilizers, pesticides, irrigation, and 

tillage.   
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In contrast, current SI environmental targets are unclear and unlikely to inspire action.  Most 

authors agree that uncultivated land should not be converted for crop production (e.g., Garnett et al. 

2013, Pretty and Bharucha 2014).  Beyond this, however, stated goals diverge.  They range from the 

basic—not “increasing agriculture’s environmental footprint” (Buckley 2016)—to the more 

aggressive—“major reductions in environmental impact” (Garnett et al. 2013).  Some sustainability 

goals would even result in increased environmental degradation, as when marginal reductions in per-

unit impacts are coupled with doubled output (Monsanto 2008).     

Our analysis shows that, largely due to recent production gains, an increase of ~25-70% 

above current production levels may be sufficient to meet 2050 demand (figure 2-1a).  Calls to double 

food production from today’s levels are not supported by existing projections.  Although even a 25-

70% increase will be challenging, global agricultural output is at least on the right trajectory.  In 

contrast, agriculture’s environmental performance is going in the wrong direction: aggregate impacts 

are increasing, and must drop sharply over the coming decades (figure 2-1b,c).   

We review and update the main projections of world food demand; discuss examples of 

environmental improvements needed by 2050; and propose new directions for research and policy to 

help meet both sustainability and production goals.  Our objectives are to clarify the overarching 

productivity and environmental goals of SI and to recalibrate the narrative on the future of 

agriculture.  Therefore, we do not address the related social, economic, and geopolitical dimensions 

of SI (Loos et al. 2014, Pretty and Bharucha 2014, iPES-Food 2016); heterogeneity among regions 

(Alexandratos and Bruinsma 2012, Mueller et al. 2012, Cunningham et al. 2013, van Ittersum et al. 

2013); or the merits of different management philosophies (Cassman 1999, IAASTD 2009, 

Bommarco et al. 2013, Tittonell 2014).  Rectifying the prevailing SI narrative is critical because it is 

already shaping the future of agricultural research and policy (e.g., USDA 2015, Buckley 2016), with 

potentially dramatic consequences for the future of food production and the environment.   

2.2 Food Demand Projections 

Food demand in 2050 is projected to rise as the global population crests 9.7 billion people 

(UN 2015) and greater wealth drives up per-capita consumption, especially of resource-intensive 

animal products (Alexandratos and Bruinsma 2012).  Public and scientific discourse on the subject 

focuses primarily on two studies (Tilman et al. 2011, Alexandratos and Bruinsma 2012).  First, 

Alexandratos and Bruinsma of the United Nations (UN) Food and Agriculture Organization (FAO) 



16 

project a 60% increase in demand from a 2005/2007 baseline using a price-weighted index of food 

commodities.  Second, Tilman and colleagues (2011) project that demand for calories and protein 

from human-edible crops will increase by 100% and 110%, respectively, from a 2005 baseline.  Both 

of these projections account for crops used as animal feed and, to a limited extent, as biofuel 

feedstock. 

These projections are complex and are commonly misinterpreted.  First, the FAO projection 

of a 60% increase is frequently misquoted as a 70% increase when authors cite an earlier FAO report 

(Alexandratos 2006).  Second, the price-weighted basis of the FAO figures implies a larger increase 

in crop demand than is actually projected on a mass basis: for example, FAO projects only a 46% 

increase in cereals demand (Alexandratos and Bruinsma 2012).  Most importantly, authors often 

ignore the base year of the projections (Foley et al. 2011, Ray et al. 2013, Long et al. 2015, Daryanto 

et al. 2016), implying that the projected increase must occur from today’s production levels.  For both 

of these projections, the base year is now a decade past, and production has increased substantially in 

this time.  This error is particularly misleading when authors explicitly graph 2050 demand as a 

doubling from current levels (e.g., Long et al. 2015).  

We use global demand for cereals as a proxy for total crop demand to illustrate the 

production increase needed by 2050.  Cereals are the world’s dominant crops.  In 2013 they were 

grown on 47% of global cropland and provided 63% and 56% of calories and protein, respectively, 

from human-edible crops (FAO 2016).  Of course, ending hunger and malnutrition will require 

multiple crop types, including pulses, roots, vegetables, and fruits, many of which will need to be 

produced and marketed locally.  Our focus on aggregate global cereal demand does not imply that 

meeting this demand would ensure global food security.  Instead, our updated projections are 

intended to illustrate agriculture’s big-picture production challenge.  

We build and update approximations of the FAO and Tilman projections.  FAO projects 

cereals demand in 2050 directly.  Tilman and colleagues do not, so we approximate their projection 

with a simple doubling of demand from a 2005 baseline.  We also linearly transform both estimates to 

account for differences between the original projections’ assumed 2050 population and the latest 

United Nations analysis (UN 2015).  We use the most recent FAOSTAT data (FAO 2016), from 

2014, as the baseline for our projections.  All data and projections are available in the supplementary 

materials.  

Our updates to the FAO and Tilman projections indicate that production of cereals must only 

increase 26% and 68% from 2014 levels, respectively, to meet 2050 demand (figure 2-1a).  Rapid 

production growth in recent years has made substantial progress toward the original projected 
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increases of 46% and 100%.  Cereal production increased 24% from 2005 to 2014 due to both yield 

improvements and expansion of cropped area (FAO 2016).  Production of oilcrops—which account 

for most of the remaining calories and protein from human-edible crops—increased even more, by 

39% (FAO 2016).  Projected 2050 demand for oilcrops is 46% higher than 2014 production levels 

based on the FAO projection and 50% higher based on a doubling from 2005. 

The discrepancy between the two cereal demand projections—26% v. 68%—is largely due to 

differences in model assumptions.  FAO assumes a lower rate of annual GDP growth than Tilman and 

colleagues: 2.1% as compared to 2.5%.  FAO also adjusts its projection to account for potential 

saturation of meat consumption in the largest developing country, China, and cultural factors limiting 

the growth of meat consumption in the second largest, India.   

The two projections have drastically different implications for the future of crop production.  

Under the FAO projection, the rate of average annual cereal yield growth could fall gradually over the 

next 35 years and still meet demand using only existing cropland.  To double from a 2005 baseline, in 

contrast, cereal yields would have to grow continually at a compound annual rate of over 1.5%, which 

has not been achieved consistently since the mid 1980s (figure 2-2).  Doubling yields by 2050 from a 

recent baseline—the increase implied when authors do not specify the base year for doubling—would 

require an even higher annual yield growth rate of 1.9% per year.   
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Figure 2-1: Food demand is projected to climb while environmental impacts must plummet.  Calls to 
double crop production from a recent baseline imply growth rates outside of the range of empirical 
projections.  Meanwhile, agriculture’s environmental impacts need to fall rapidly to protect critical 
ecosystem functions.  (a) Historical and projected global cereal production and demand.  (b) Historical 
and projected direct greenhouse has (GHG) emissions from agriculture and 2050 goal.  (c) Historical 
total phosphorous loading in the Mississippi-Atchafalaya River Basin and 2035 goal.  Note: Historical 
data is shown in solid lines and future projections and goal trajectories are shown in dashed or dotted 
lines. 
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Sustaining these rates of average annual yield growth until 2050, if it is even possible, would 

require widespread intensification of fertilizer, pesticide, and irrigation regimes.  This level of 

intensification would almost certainly increase agriculture’s impact on water quality, aquifers, 

wildlife, and the climate (Robertson and Swinton 2005, Foley et al. 2011, West et al. 2014).  SI 

production goals should therefore be stated carefully to avoid furthering a production-at-all-costs 

approach to agriculture.  Goals should reflect the updated projection that production must increase 

~25-70% from recent levels to meet demand in 2050.  Calls for doubling current production by 2050 

should be avoided.  

2.2 Environmental Goals 

In contrast to the literature on food demand, there has been little discussion of specific 

environmental goals for agriculture in 2050, or of the sector’s trajectory toward such goals.  Instead, 

the prevailing discourse often focuses on increasing efficiency or improving general “sustainability,” 

which gives the impression that marginal environmental improvements are sufficient (Petersen and 

Snapp 2015).  To illustrate the true scope of agriculture’s environmental challenges, we analyze the 

 

 
Figure 2-2:  Decrease in world cereal yield growth rate over time.  To double by 2050 from a 2005 
baseline, yield growth would have to be maintained at 1.5% per year.  Doubling from a 2014 baseline 
would require yield growth of 1.9% per year.  Each point represents the compound annual growth 
rate of global average cereal yields over the five previous years (FAO 2016).  To smooth interannual 
variation, growth rates were calculated using five-year moving average cereal yields. 
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sector’s performance against quantitative targets that have been proposed to achieve specific 

environmental outcomes: mitigating climate change and limiting eutrophication in the Gulf of 

Mexico.  

Agricultural production activities directly contribute 11-13% of the world’s total 

anthropogenic greenhouse gas (GHG) emissions (IPCC 2014).  Indirect emissions from land-use 

change in agriculture and forestry contribute another 12% (IPCC 2014).  To avoid the worst impacts 

of climate change, Foley and colleagues (2011) call for an 80% reduction in agricultural GHG 

emissions.  Since direct agricultural GHG emissions have been steadily climbing, achieving this level 

of reduction by 2050 would require an abrupt shift in emissions trajectory (figure 2-1b).  

Losses of agricultural nutrients to waterways contribute to hypoxic “dead zones” 

downstream, threatening marine life and fisheries in coastal regions throughout the world.  The 

hypoxic zone in the northern Gulf of Mexico is fed by the Mississippi-Atchafalaya River Basin 

system in the central US, where riverine nitrogen (N) and phosphorous (P) are primarily from 

agricultural sources.  The second largest in the world, this dead zone reached 22,000 km2 in 2002 and 

averages 13,650 km2 per year (EPA 2016).  In 2001, an intergovernmental task force set a goal to 

reduce the average size of the dead zone to 5,000 km2 by 2015, which would require reducing annual 

N and P loading to a level 45% below the 1980-1996 average (MRGMWNTF 2001 and 2008).  This 

goal was not met, and the task force recently extended the deadline to 2035 (MRGMWNTF 2015).  

As figure 2-1c shows, P loading has been increasing, and meeting the 45% reduction goal would 

require a significant shift in trajectory.  We illustrate this goal using P data because the trends for total 

N and reactive N are diverging, and the Gulf Hypoxia Task Force goal applies only to total N.  Since 

total N has been declining more rapidly than reactive N, using total N would indicate greater progress 

toward the goal than has actually been made. 

These two examples show that agriculture still faces large environmental challenges, but they 

are not meant to imply that the sector has not made any progress.  Indeed, U.S. agriculture has 

improved in important areas, including by cutting sheet, rill, and wind erosion by 43% between 1982 

and 2007 (USDA 2011) and by beginning to reduce N losses in the Midwest (McIsaac et al. 2016).  

However, both U.S. and global data on concerns ranging from biodiversity loss to land conversion to 

irrigation water withdrawals—in addition to GHG emissions and nutrient pollution—indicate that 

agriculture leaves a large and growing footprint (Foley et al. 2011, West et al. 2014, Haacker et al. 

2015).  Clearly, environmental sustainability cannot play second fiddle to intensification; efforts to 

increase food production and reduce aggregate environmental impacts must go hand in hand.   
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2.3 Agriculture’s Path to 2050  

Meeting food demand while maintaining functioning ecosystems will require a recalibrated 

SI strategy, where up-to-date production goals are coupled with quantitative environmental targets.  

Research and policy should pivot to align with this strategy, both in the U.S. and globally.  Here we 

focus on the U.S. context.  

The research enterprise led by the National Science Foundation and the U.S. Department of 

Agriculture (USDA) should prioritize efforts to identify and meet quantitative production and 

environmental goals.  First, research is needed to specify targets in both categories.  There is a 

particularly urgent need to quantify the reductions in pollution and land degradation that must be 

achieved to sustain functioning ecosystems at multiple scales (Neufeldt et al. 2013, Rockström et al. 

2016).  These goals will need to be refined periodically as new information becomes available, given 

the uncertainty of long-term projections.   

Second, applied agricultural research should focus on developing production systems that can 

simultaneously meet both production and environmental targets while helping farmers adapt to a 

range of emerging challenges, such as mounting water shortages (Falkenmark 2013; Elliott et al. 

2014), pesticide resistance (Mortensen et al. 2012), yield plateaus (Grassini et al. 2013, Ray et al. 

2013), and the changing climate (Challinor et al. 2014).  The technical challenge of such a 

fundamental transformation in production systems is daunting, and meeting both sets of goals will 

require navigating complex tradeoffs (Robertson and Swinton 2005, Neufeldt et al. 2013, Davis et al. 

2016).  However, establishing clear targets will help researchers focus on these long-term challenges.  

Achieving both production and environmental goals will require shifts in U.S. agricultural 

policy.  Current policy heavily favors production, including through crop insurance and revenue- and 

price-based subsidy payments for commodity crops.  These programs carry only minimal 

environmental requirements, which provide limited protection against erosion and the loss of some 

wetlands and grasslands, but fail to target nutrient loss, air quality, GHG emissions, and other 

concerns.  Conservation incentive programs help producers implement many environmentally 

beneficial practices, but they are not structured to produce maximum benefits.  Moreover, many 

environmental regulations currently exempt agricultural activities.  To bring U.S. policy in line with 

future needs, producers who receive subsidies should be required to meet more stringent 

environmental standards, conservation programs should be reformed to tie payments to quantified 

outcomes (Winsten and Hunter 2011), and effective regulatory backstops should be instituted to 

control the most environmentally damaging practices.  Quantitative targets can help guide these 
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policy efforts and promote effective collaborations among researchers, farmers, government agencies, 

and civil society groups.  The Danish government’s pesticide strategy, which aims to reduce pesticide 

loads by 40%, is one promising example of using quantitative targets to collaboratively set agro-

environmental policy (DME 2013).  

The goals of sustainable intensification extend beyond aggregate production and 

environmental performance.  Additional policy efforts are needed to manage food demand by 

reducing food waste (West et al. 2014) and shifting diets (Davis et al. 2016).  We must also halt 

cropland expansion (Cunningham et al. 2013); and ensure that the world’s poorest people have secure 

access to nutritious food (FAO et al. 2015).  Total land in agriculture has risen since 2005 in Africa, 

South America, and Asia (FAO 2016), indicating continued land conversion at the expense of native 

ecosystems, and conversion continues in the US as well (Lark et al. 2015).  Approximately 795 

million people are hungry today, despite adequate global food production, because poverty, lack of 

infrastructure, poor governance, natural disasters, and political unrest restrict food access (FAO et al. 

2015).  These problems must be addressed even as production increases and pollution plummets.   

2.4 Conclusion  

We call on researchers, policymakers, and farmers to embrace this recalibrated vision of 

sustainable intensification.  Time is short: the annual cycle of planting and harvest gives farmers 

fewer than 35 chances to transform their production systems by mid-century.  Scientists also face a 

limited number of opportunities to develop and test new production and conservation strategies. As a 

group of young agricultural scientists (and one senior scientist), this is the challenge of our careers.  

By the time our generation retires, agriculture’s 2050 goals must be met. 
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Chapter 3 
 

Cover Crop Mixtures: Effects on Crop Yield and Yield Stability 

3.1 Introduction 

Multi-species cover crop mixtures are quickly gaining popularity in the United States.  

Among surveyed cover crop users, half of respondents reported using mixtures in 2016, and 73% of 

these mixes contained more than two plant species (CTIC 2017).  Two-species mixtures of a grass 

and a legume have long been used to combine the fast growth rate and nitrogen (N)-scavenging 

ability of grasses with the biological N-fixing ability of legumes, which may help optimize biomass 

production, N supply, and N retention (Poffenbarger et al. 2015).  Farmers and agronomists are now 

looking to more-diverse mixtures to optimize across a wider range of services (Creamer et al. 1997), 

such as weed suppression, beneficial insect provisioning, and soil carbon sequestration, resulting in 

more “multifunctional” cover crops (Finney and Kaye 2016).  

Diverse cover crop mixtures, or “cocktails”, are promoted over traditional mono- and bi-

culture cover crops for a wide range of reasons, including soil health benefits (Chu et al. 2017), 

grazing potential (Brown 2016), and herbicide-resistant weed management (CTIC 2017).  Organic 

farmers collaborating on the present study ranked organic matter, biological N fixation, soil biology, 

and yield of the following crop, in that order, as the top services they desired from cover crop 

mixtures (LaChance et al. 2015).  High-diversity mixtures can add cost and management complexity, 

which may constrain their deployment on working farms (Smith et al. 2014, CTIC/SARE 2013), yet 

enthusiasm remains high.   

As weather variability increases and extreme temperature and moisture conditions become 

more common (Wolfe et al. 2017), there is an increasing need for management strategies that help 

maintain high and stable crop yields.  At the same time, critical environmental concerns including 

greenhouse gas emissions and nutrient losses to waterbodies must be addressed (Hunter et al. 2017).  

Well-designed cover crop mixtures may be able to consistently benefit both crop yields and the 

environment, despite unpredictable weather, if they can harness the positive relationship between 

biodiversity and stability documented in the ecological literature (McCann 2000, Lin 2011).  
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However, published reports of cash crop yields following diverse cover crop mixtures are very 

limited, and effects on yield stability have not been assessed.   

3.1.1 Effects of Cover Crop Mixtures on Cash Crop Yields 

Diversifying annual cropping systems can increase crop yields due to beneficial effects on 

pest cycles, nutrient dynamics, and soil quality (Varvel et al. 2000, Davis et al. 2012, Gaudin et al. 

2015, St-Martin et al. 2017, Ernst et al. 2016).  Cover crops—both monocultures and mixtures—are 

one way to gain the benefits of rotational diversity.  However, evidence for the effect of cover crop 

mixtures on the yield of the following cash crop is limited.  A recent meta-analysis (Marcillo and 

Miguez 2017) found that maize (Zea mays L.) yield increased an average of 13% following cover 

crop mixtures, but these were predominantly bicultures.  Most studies of multi-species cover crops 

have found little or no effect on the yield of the following cash crop (Smith et al. 2014, Welch et al. 

2016, Appelgate et al. 2017, Chu et al. 2017).  Reese et al. (2014) and Wortman et al. (2012b) found 

yield differences relative to control plots when cover crop mixtures affected soil water availability 

(positively or negatively) in semi-arid environments, but no differences due to mixture composition 

or species diversity.     

However, cover crop mixture effects on soil N availability can strongly influence the yield of 

the following maize crop.  In a tilled system with no fertilizer added, Finney et al. (2016) found that 

cover crop effects on maize yield were mediated by the carbon:nitrogen (C:N) ratio of cover crop 

biomass.  Low-C:N ratio cover crop mixtures increased soil N availability and increased maize yield 

by up to 47%; high-C:N ratio mixtures reduced soil N availability and decreased maize yield by up to 

70%.  However, the C:N ratio of individual treatments was not stable across site-years, and some 

mixtures switched from increasing to suppressing yield from one year to the next.  This shows that 

yield responses are highly contingent on cover crop mixture expression, not just seeded mixture 

composition.  

Similar effects of cover crop mixture C:N ratio on unfertilized maize yield have been 

confirmed in no-till systems (White et al. 2016a) and in tilled organic systems (White et al. 2017).  

On one farm in the latter study, maize yield was one-third higher following a low- than a high-C:N 

ratio cover crop mixture.  White et al. (2017) also identified two additional controls on soil N supply 

that work in concert with cover crop biomass C:N ratio: soil organic carbon (SOC) concentration and 

spring cover crop biomass N content.  Though N dynamics during biomass decomposition are 
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complex, spring cover crop biomass with a C:N ratio higher than 25 is likely to result in net 

immobilization, while biomass with a C:N ratio below 25 is likely to result in net mineralization 

(White et al. 2016a). 

This link between cover crop C:N ratio and cash crop yields is consistent with findings from 

mono- and bi-culture cover crops (Tonitto et al. 2006, Marcillo and Miguez 2017) and is not unique 

to cover crop mixtures.  Where this effect has been absent in cover crop mixture studies, this may 

have been due to low cover crop biomass (Appelgate et al. 2017), N fertilizer additions that fully met 

crop needs (Appelgate et al. 2017, Reese et al. 2014), or similar C:N ratios among cover crop 

treatments resulting from similar proportions of legumes and grasses in all mixtures (Wortman et al. 

2012b).  Compared to mono- and bi-culture cover crops, multi-species mixtures may enable managers 

to design cover crops with a mix of functional traits that results in ample biomass and a low C:N 

ratio, while also providing other ecosystem services (Finney et al. 2017).   

3.1.2 Cash Crop Yield Stability 

Multiple long-term studies in temperate agricultural systems have shown that diversifying 

crop rotations can increase cash crop yield stability while maintaining high yield.  Diversification 

practices evaluated include adding cash- and noncash-crops to the rotation and applying organic 

fertility inputs.  Many of these studies attribute reduced temporal yield variation to improved soil 

moisture status (Lotter et al. 2003, Mallory and Porter 2007, Gaudin et al. 2015, Ernst et al. 2018).  

Varvel (2000) explicitly attributed high yield stability to increased nutrient availability, while others 

have cited improved soil quality in general (Smith et al. 2007, Grover et al. 2009).  High yield 

stability may also result when yield potential is very low (Wander and Aref 1998, Smith and Gross 

2006), likely due to limited upside yield potential in good years.  This is of course not a desirable 

condition.   

Many diversification strategies tend to increase soil organic matter (SOM) (McDaniel et al. 

2014, King and Blesh 2018), though diversification away from high-productivity crops can hinder 

SOM accumulation by reducing net C inputs to the system (Poffenbarger et al. 2017).  High SOM has 

been linked to yield stability across large temporal and spatial scales in China (Pan et al. 2009) and 

the U.S. Corn Belt (Williams et al. 2016).  Increasing SOM can mitigate crop stress in multiple ways, 

including by enhancing soil aeration, infiltration rate, water-holding capacity (WHC), cation-
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exchange capacity, and nutrient supply (Blanco-Canqui et al. 2015).  Williams et al. (2016) showed 

that, in the Corn Belt, increased SOM primarily improved yield stability through increased WHC.   

Not all studies have found increased yield stability from diversified cropping systems. 

Eghball et al. (1995) did not find differences in yield stability in Nebraska maize due to long-term 

manure additions, which would be expected to increase SOM.  This may be because their study was 

irrigated.  St-Martin et al. (2017) found higher wheat (Triticum aestivum) yields but not greater yield 

stability in diverse rotations.  This may be due to lower sensitivity to rotational diversity in wheat, as 

seen in Smith et al. (2008).  Despite these exceptions, there is strong evidence that diversification 

practices that improve the crop abiotic environment, especially soil water and nutrient status, can 

improve both mean yield and yield stability. 

3.1.3 Biodiversity Effects in Cover Crop Mixtures 

Cover crop mixtures may offer another opportunity to achieve high and stable cropping 

system performance.  Unlike in diversified annual crop rotations, in which different species are 

typically separated in space and time, cover crop mixtures have in situ diversity, with multiple species 

present in the same space at the same time.  In situ species diversity has been shown to increase both 

the level of ecosystem functions and their stability (Hooper et al. 2005, McCann 2000) and has been 

proposed as a key strategy for enhancing the productivity, stability, and sustainability of cropping 

systems (Lithourgidis et al., Malézieux et al. 2009, Isbell et al. 2011).   

Diversity increases functioning through the selection effect, complementation, and facilitation 

(Hooper et al. 2005).  The selection effect arises probabilistically because more-diverse communities 

are more likely to contain high-performing species.  Complementation arises when species with 

contrasting functional characteristics use available resources more efficiently, and facilitation when 

one species performs functions that benefit another.   

Farm managers can exploit the mechanisms underlying these effects to develop high-

performing cocktail mixes that optimize across priority functions.  Since the functional traits of cover 

crop species and cultivars are robust and well-known (Tribouillois et al. 2015, MCCC 2018), 

managers can directly select species with good baseline performance in agronomically-useful traits.  

Cover crop mixtures can achieve complementation and facilitation by combining species with 

contrasting growth habits, nutrient acquisition strategies, and phenology (Creamer et al. 1997, White 

et al. 2016, Finney et al. 2016).  This may lead to overyielding, which can be beneficial when high 
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cover crop biomass is the top priority (Poffenbarger et al. 2015, Wortman et al. 2012a).  Planned 

complementation also enables flexible combinations of species to achieve desired composite traits, 

which may be more important than maximizing biomass.  For instance, Finney et al. (2016) found 

that mixtures designed to include complementary N functions did not produce more biomass than 

those without such complementarity, but the former resulted in much higher maize yield.  As 

compared to monocultures, the wider range of functional traits available in cover crop mixtures may 

enable optimization across a wider range of ecosystem services (Storkey et al. 2015, Blesh et al. 

2018). 

Diversifying cover crops may also lead to more consistent outcomes (Tilman 1994, McCann 

2000).  In diverse communities of organisms, stability is enhanced when the component species 

exhibit both functional response diversity—which enables different species to thrive under different 

sets of environmental conditions—and functional effect redundancy—which enables species to 

substitute for each other (Lin 2011).  Cover crop mixtures may be able to harness this effect to reduce 

spatial and temporal variability in performance.  For instance, combining multiple legume species 

with different freezing tolerances and temperature optima for growth may help ensure a sufficient 

level of biological N fixation across a wide range of seasonal temperature patterns.  Wortman et al. 

(2012b) observed that productivity losses due to hail were mitigated by the inclusion of multiple 

redundant brassica species in a mix.   

Exploiting the benefits of biodiversity in cover crop mixtures, therefore, may increase both 

the mean level and spatiotemporal stability of cover crop functions.  When this function is supporting 

cash crop yield by increasing soil N availability, the result may be higher and more stable yield.   

3.1.4 Hypotheses 

We examined the effect of diverse cover crop mixtures, and their component monocultures, 

on crop yields and yield stability in an organically-managed maize-soybean (Glycine max L.)-winter 

wheat rotation in central Pennsylvania.  We hypothesized that 1) cover crop mixture biomass C:N 

ratio affects soil N supply and yield of the following cash crop, with low C:N-ratio cover crops 

increasing both N supply and yield, and low-C:N ratio cover crops decreasing both.  We further 

hypothesized 2) that increasing cover crop mixture diversity increases the spatiotemporal stability of 

soil N supply and yield.  Finally, we expected 3) that the spatiotemporal stability of soil N supply 

should be correlated with the stability of maize yield.  We test a novel, rank-based indicator of 
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spatiotemporal stability in addition to the traditional measures based on coefficient of variation or an 

environmental index (Finlay and Wilkinson 1963).  

3.2 Methods 

3.2.1 Site Characteristics 

This study was conducted from 2012-2015 at the Pennsylvania State University Russell E. 

Larson Agricultural Research Center, Rock Springs, PA (40o43’N, 77o56’W).  Murrill channery silt 

loam soil (fine-loamy, mixed, semiactive, mesic Typic Hapludult) makes up approximately 80% of 

the study site, with the remainder consisting of Hagerstown silt loam (fine, mixed, semiactive, mesic 

Typic Hapludalf) and Buchanan channery loam (fine-loamy, mixed, semiactive, mesic Aquic 

Fragiudult).  Slope is 0-3% on approximately 80% of the site and 3-8% on the remaining area 

(SSURGO 2017).  Surface soil texture (0-20 cm depth) is predominantly clay loam with variability in 

sand (21.4 - 27.0%), silt (39.9 - 48.1%), and clay (29.6 - 34.3%).  Average annual precipitation at the 

site is 1,020 mm and mean monthly temperatures range from -3 °C (January) to 22 °C (July) for 

1980-2016 (Xia et al. 2012). 

3.2.2 Experimental Design and Management 

Treatment plots were established in a randomized, full-entry complete block design with four 

replications.  Cash crops were planted in a three-year maize silage-soybean-winter wheat rotation, 

which is common for Northeast U.S. organic commodity grain farms.  Organic management was 

instituted in July, 2012 and the site received organic certification in 2016.  All cash crop seeds were 

conventional, untreated varieties developed without genetic modification; comparable organic 

varieties were not available.  Cash crops, including spring barley in place of winter wheat, were 

planted in 2012 to establish the cropping sequence, but were not included in the analysis of results.   



33 

3.2.3 Cash Crops 

Cash crops were planted using commercial-scale equipment in strips 24 m wide by 348 m 

long.  Dairy bed pack manure from the Pennsylvania State University dairy herd was applied prior to 

maize and wheat planting at a rate designed to meet the phosphorus (P) requirements of the rotation.  

Prior to planting maize, manure was broadcast and incorporated along with cover crop residues with a 

moldboard plow and disc.  Prior to planting soybean, cover crop residues were incorporated with a 

moldboard plow and disc.  Soybean seeds were treated with Bradyrhizobium japonicum inoculum to 

promote nodulation (N-Dure, Verdesian Life Sciences, Cary, NC).  Prior to planting wheat, manure 

was broadcast and incorporated along with soybean residue with a chisel plow.  Following these 

primary tillage events, a seedbed was prepared for all crops with an s-tine field cultivator followed by 

a cultimulcher.  Weeds were controlled in the maize and soybean with repeated passes of a tine-

weeder, rotary hoe, and inter-row cultivator, as needed.  Total P demand across all three years of the 

rotation was projected to be 225 kg P2O5 ha-1 and, due to variability in manure composition, 184 kg 

ha-1 was ultimately applied (Table 3-1).   

Planting and harvest dates, manure rates, and manure analysis are summarized in Table 3-1.

   Manure was applied on a wet-weight basis at a target rate of 45 Mg ha-1 before maize and 34 

Mg ha-1 before wheat; application rates were not adjusted for moisture- or N-content of the manure.  

Manure was incorporated by primary tillage within a day of application.  Maize and soybean seeding 

rates were consistent among years, while wheat planting rates were increased in 2014 to compensate 

for late planting after soybean harvest (Table 3-1).   
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  Timing of Field Operations and Sampling     

Crop a Year 

Seed 
Cover 
Crop 

Cover Crop 
Sampling Dates 

Apply 
Manure  

Plant Harvest  Crop 
Seeding 

Rate 

Dry 
Manure 

Rate  

Manure Plant- 
Available N b 

Manure 
Phosphate 

   Fall Spring    seeds ha-1 Mg ha-1 kg N ha-1 kg P2O5 ha-1 

Maize 

2012 8/25 11/9         
2013 8/8 10/29 5/13 5/15 5/31 9/10 82,000 15.7 85.3 75.0 
2014 8/15 11/5 5/5 5/8 6/2 9/15-16 82,000 20.7 141 76.6 
2015   5/4 5/11 5/28 9/14-15 82,000 17.7 158 131 

Soybean 

2012 10/10 11/19         
2013 9/20 11/5 5/21  6/5 10/02 444,600    
2014 9/30 11/12 5/13  6/3 10/14 444,600    
2015   5/13  6/10 10/14 444,600    

Wheat 

2012    10/23 10/25  4,500,000 12.3 65.4 88.8 
2013    10/3 10/16 7/15-16 4,500,000 12.1 54.7 66.0 
2014    10/21 10/24 7/21 5,700,000 12.0 49.5 114 
2015      7/22     

a Maize variety: Master’s Choice MC4050 maize in all years; soybean variety: Growmark FS HS 22C10 in 2013 and 2014 and HS 21C40 in 
2015; wheat variety: cv. Malabar; W.I. Miller and Sons, Farmdale, OH. 
b Manure plant-available nitrogen (N) is calculated assuming 40% availability following White et al. (2017).  

Table 3-1: Field management details. 
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3.2.4 Cover Crops 

Cover crop treatments were planted in 24 m x 29 m split plots within the cash crop strips.  

Cover crops planted after wheat and prior to maize (PM) were established in August (for dates see 

Table 3-1).  Cover crops planted after maize and prior to soybean (PS) were established in late 

September or early October.  Due to wheat’s position in the rotation, cover crop legacy effects on 

wheat plots were minimal until the final year.    

Legume seed was inoculated with N-Dure dry inoculant containing the appropriate Rhizobia 

species prior to seeding.  The preceding wheat or maize stubble was chisel plowed, disked, S-tined 

and cultimulched before cover crop planting.  Cover crops were planted with an Almaco (Nevada, IA) 

Cone Plot Planter mounted on a seed drill with 19 cm spacing (Murrell et al. 2017).  Fallow plots 

were tilled as needed to eliminate weeds in fall and spring, at most once per season.   

Cover crops were terminated by flail mowing within a day of the spring biomass sampling 

(for dates see Table 3-1).  All treatments were terminated on the same day, which resulted in 

suboptimal termination timing for some species due to phenological and functional differences among 

species.  In 2013, cover crops were allowed to grow until roughly two weeks before the beginning of 

the cash crop planting window, by which time the cereal rye was headed out (Feekes 10.5).  This 

maximized growth of the slower-growing legumes and allowed canola to bloom, providing pollinator 

resources, but also resulted in very high cereal rye biomass with a high C:N ratio, and subsequent 

nutrient immobilization (see Results).  As a result, in 2014 and 2015 the cover crops were terminated 

8-9 days earlier, when the rye was in the early (PM) or late (PS) boot stage (Feekes 10.0) (Table 3-1).   

Cover crop treatments were designed to include both functional and species diversity while 

meeting specific management objectives.  Six monocultures were selected with contrasting functional 

traits: two legumes (Fabaceae), medium red clover (Trifolium pratense L.) and Austrian winter pea 

(Pisum sativum L.); two brassicas (Brassicaceae), canola (Brassica napus L. cv. Wichita) and forage 

radish (Raphanus sativus L. cv. Tillage Radish); and two grasses (Poaceae), cereal rye (Secale 

cereale L. cv. Aroostook) and spring oat (Avena sativa L. cv. Jerry).  One species from each family is 

known to be winter-hardy in central Pennsylvania (clover, canola, and rye), while the other is known 

to be susceptible to winter kill (pea, radish, and oat).  Each of these species was grown in 

monoculture at recommended seeding rates (Table 3-2).  

These component species were combined into 5 functional mixtures of increasing species 
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diversity (Table 3-2).  A three-species mixture designed to help manage weeds (3SppW) contained 

cereal rye, oat, and red clover.  A three-species mixture designed to optimize N management (3SppN) 

differed between planting windows.  Prior to maize, clover and pea were combined with a low rate of 

rye to increase N supply to the maize while minimizing N leaching.  Prior to soybean, the 3SppN 

treatment included three N scavengers—rye, oat, and radish—to avoid losses of residual N.  A 4Spp 

mix with greater potential to provision beneficial insects was created by modifying each of these 

3SppN mixes by adding canola, which may produce flowers before cover crop termination.  Finally, a 

6Spp mix combined each component monoculture into an “insurance mix” with greater functional 

response diversity and functional effect redundancy.  Cereal rye was included in all mixtures due to 

its reliability, but the rye seeding rate was reduced at higher mix diversity levels.  Further details of 

cover crop establishment, seeding rates, and mixture design are available in Murrell et al. (2017).  

 

   
No. 
Spp. 

Clover Pea Rye Oat Canola Radish 

Treatment Abbreviation 
Next 
Crop a ————— pure live seeds m-2 ————— 

Fallow control Fallow  0       
Medium red clover  Clover  1 600      
Austrian winter pea Pea  1  60     
Cereal rye  Rye  1   500    
Oat Oat  1    300   
Canola Canola  1     400  
Forage radish Radish  1      60 
3 species weed 3SppW  3 300  250 150   
3 species nitrogen 3SppN Maize 3 300 30 100    
3 species nitrogen 3SppN Soybean 3   250 150  50 
4 species 4Spp Maize 4 300 30 100  200  
4 species 4Spp Soybean 4  30 100 150 200 50 
6 species 6Spp   6 150 15 100 75 100 20 
a Where not specified, seeding rates were the same for both cover crop planting windows.  
 
 

Cover crops were terminated by flail mowing within a day of the spring biomass sampling 

(for dates see Table 3-1).  All treatments were terminated on the same day, which resulted in 

suboptimal termination timing for some species due to phenological and functional differences among 

species.  In 2013, cover crops were allowed to grow until roughly two weeks before the beginning of 

the cash crop planting window, by which time the cereal rye was headed out (Feekes 10.5).  This 

maximized growth of the slower-growing legumes and allowed canola to bloom, providing pollinator 

resources, but also resulted in very high cereal rye biomass with a high C:N ratio, and subsequent 

Table 3-2: Cover crop treatment species diversity and seeding rates. 
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nutrient immobilization (see Results).  As a result, in 2014 and 2015 the cover crops were terminated 

8-9 days earlier, when the rye was in the early (PM) or late (PS) boot stage (Feekes 10.0) (Table 3-1).   

3.2.5 Data Collection 

Daily temperature, precipitation, and solar radiation based on satellite observations was 

obtained from Phase 2 of the North American Land Data Assimilation System (NLDAS; Xia et al. 

2012).  Comparison to locally-measured weather data showed good agreement and the satellite-based 

data was more complete.  Growing degree days (GDD) were calculated with a base of 10 ºC and a 

maximum of 30 ºC.  Seasonal insolation was calculated by summing daily values from one week after 

planting until harvest. 

Cover crop biomass was sampled as reported in Murrell et al. (2017).  Briefly, aboveground 

biomass taller than ~2 cm was sampled in the fall and spring in three 0.25 m2 subplots per plot.  

Radish roots often protruded more than 2 cm above the soil surface, so radishes were cut at the root-

shoot interface to avoid sampling root biomass in only one species.  Biomass was sorted to species, 

dried, weighed, and analyzed for C and N concentrations by the combustion method as described in 

Finney et al. (2016).  A mean value for weed C:N ratio was applied to all weed biomass and included 

in the calculation of overall C:N for each cover crop treatment.  Due to mechanical cultivation, fallow 

plots were relatively weed-free and biomass was assumed to be zero, except in experimental weedy 

subplots as reported by Baraibar et al. (2017).  In all other plots, weed biomass was analyzed along 

with cover crop biomass since it also affects soil N dynamics.   

Soil nitrate (NO3
-) and ammonium (NH4

+) were measured with a composite of six 20-cm 

depth soil samples per plot extracted with 2M KCl and analyzed using a microplate colorimetric 

technique (Finney et al. 2016).  Sampling was conducted biweekly in maize and monthly in soybean 

from April through the end of July.  Nitrogen in NO3
- and NH4

+ was summed to calculate total soil 

inorganic nitrogen (SIN).  To represent cover crop effects on SIN during maize growth, the area 

under the curve of SIN (SINauc) for the readings between early June and late July was calculated using 

the auc function in the MESS package in R (Ekstrøm 2017).  Due to inconsistency in sampling dates 

among years in soybean, SINauc was not calculated for soybean.  Potential for NO3
- leaching below 30 

cm depth was measured with anion resin exchange bags and reported in Finney et al. (2017). 

Maize was harvested for silage at 60-70% moisture from two subsamples of crop row at least 

5.3 m in length.  Samples were taken with at least a 3m buffer from all sides of the plot.  Total wet 
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weight was recorded in the field and a subsample was weighed, dried at 55 ºC, and weighed again to 

determine the moisture content.  Subsamples were averaged to represent the entire plot.  Soybean and 

wheat were harvested at physiological maturity with a small-plot combine pass along the full length 

of the plot.  For soybean, a subsample of the seeds was weighed, dried at 65 ºC, and weighed again to 

determine the moisture content.  For wheat, moisture content was determined with a DICKEY-john 

(Auburn, IL) GAC 2100 moisture meter.  Crops remaining following biomass sampling were 

harvested with commercial-scale harvesting equipment.  Yield of maize silage, soybean, and wheat is 

reported at moisture contents of zero, 13, and 13.5 percent, respectively.  

3.2.6 Stability Metrics 

Effects of cover crop treatment on spatiotemporal stability of maize and soybean yield and 

SINauc in maize was measured with three different methods.  In each case, the four blocks in each of 

the three years were treated as a group of twelve different environments.  No stability metrics were 

calculated for wheat yield due to the limited cover crop legacy. 

First, we calculated the coefficient of variation (CV) across all 12 environments.  The CV is a 

commonly-used metric for assessing stability, with a low CV indicating high stability (Tilman 1996, 

McCann 2000, Smith et al. 2007, Gaudin et al. 2015).  Second, a stability analysis (Finlay and 

Wilkinson 1963, Tollenaar and Lee 2002, Williams et al. 2016) was performed by regressing values 

by treatment on an environmental index (EI) calculated as the grand mean value (yield or SINauc) 

within each environment.  Environments were ordered by EI and the slope of treatment values over EI 

served as the temporal stability metric; a low slope indicates high stability.  Due to the low number of 

observations (12 environments) and the need to correct for multiple comparisons among 11 cover 

crop treatment levels, this analysis was underpowered.  As a result, plots of the results were visually 

inspected for evidence of patterns that corresponded to known cover crop treatment characteristics, 

such as biomass production, C:N ratio, plant family, N acquisition strategy, phenology, and mixture 

diversity.  

Neither CV nor the EI-based stability analysis accounts for mean performance level in 

addition to stability.  This is problematic since, in agronomic settings, the goal is to achieve consistent 

high performance in desired services, such as yield, and consistent low performance in disservices, 

such as N leaching.   

A novel, rank-based metric of spatiotemporal stability was developed to address this 
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shortcoming.  Treatment outcomes (SINauc and yield) were assigned a rank score, with a score of 11 

for the highest value and a score of 1 for the lowest value.  Rank scores were assigned within years 

and blocks, yielding twelve values per treatment.  A consistent-performance index (CPI) was 

calculated from these rank scores for each factor of interest (f; SINauc or yield) as:  

 

CPIf = ∑"#$%&(()*,,- / (i * j) 

 

for i years and j blocks.  The CPI is essentially the mean rank by CC treatment across all 

years and blocks.  Rank scores serve as a measure of relative performance within each year-by-block 

environment.  Taking the mean of these scores accounts for the consistency of relative performance.  

This method shares features with a quantile-based approach used in plant breeding (Fox et al. 1990, 

Temesgen et al. 2015) and threshold-based metrics of ecosystem multifunctionality (e.g. Byrnes et al. 

2014).  However, this rank-based CPI is novel in the context of assessing agronomic treatment effects 

and the relationship between the stability of two ecosystem functions.   

To evaluate the relative importance of spatial and temporal variability, we calculated spatial 

CV across blocks within years (mean of all three years) and temporal CV across annual mean values.  

3.2.7 Statistical Analyses 

All statistical analyses were performed in R (R Core Team 2013).  Cover crop biomass and 

C:N ratio, SINauc in maize, SIN in soybean, and cash crop yield were analyzed separately for each 

planting window (PM v. PS) and year.  Sub-samples were averaged prior to analysis.  Mixed-effect 

linear models fit to a Gaussian distribution were specified with the lmer function of the lme4 package 

(Bates et al. 2015).  Pairwise comparisons among cover crop treatment means were evaluated with the 

emmeans function of the emmeans package (Lenth 2018) with a Tukey adjustment for multiple 

comparisons.  Models were evaluated to ensure they met the assumptions of independence and 

normality of residuals and random effects (Pinheiro and Bates 2000, SSCC 2016).  Explanatory 

power of fixed effects in mixed models was assessed with marginal R2 (R2
m) calculated with the 

r.squaredGLMM function in the MuMIn package (Bartoń 2016) following Nakagawa and Schielzeth 

(2013).  An alpha value of 0.05 was used to assess statistical significance.   

Differences among cover crop treatments within years and, for cash crop yield, among years, 

were assessed with mixed models with a random intercept for block.  Analyses assessing affects 
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across years, such as cover crop effect on SINauc and the relationship between SINauc and maize yield, 

employed a mixed model with random intercepts for year and block.  Differences among EI slopes 

and CPI scores were assessed with the emtrends function in the emmeans package (Lenth 2018).  

Ordinary least squares regression with the lm function of R (R Core Team 2013) was used to assess 

the relationship between pairs of stability metrics and between stability metrics and species diversity 

of cover crop treatments.  The latter test was performed to reveal any patterns in the relationship 

between species diversity and stability.  Due to the limited number of cover crop treatments at 

diversity levels above 1, this is not a highly robust test, but results could inform future work. 

3.3 Results 

3.3.1 Weather Conditions 

Precipitation and temperature varied substantially among the study years (Fig. 3-1).  In both 

2013 and 2015, precipitation was below average prior to planting of summer crops and in late 

summer, but high during June and July.  Water stress symptoms were observed in the maize in the fall 

of 2013 and 2015.  In 2014, precipitation was consistently above average throughout most of the 

growing season.  Precipitation deficit rarely affected cover crop growth, though dry conditions in 

August of 2013 reduced PM cover crop establishment, which may have contributed to increased weed 

competition (Baraibar et al. 2017).  Severe winter temperatures in 2013-2014 and 2014-2015, in 

conjunction with low snow cover, challenged cover crop overwinter survival.  Growing-season 

temperatures did not deviate substantially from long-term normals in any year (Fig. 3-1b), but 

growing degree day accumulation was higher in 2015 (1,290 GDD) than in 2013 (1,190 GDD) and 

2014 (1,150 GDD).  Seasonal insolation was also lower in 2013 and 2014 than in 2015 (2,010, 2,020, 

and 2,200 MJ m-2, respectively). 
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3.3.2 Cover Crop Performance 

Cover crop biomass production differed strongly by cover crop treatment, season, planting 

window, and year (Fig. 3-2; Murrell et al. 2017).  In the PM window, cover crop mixtures produced 

more biomass than monocultures on average, though not more than the most productive monocultures 

(Table 3-3).  In the fall (Fig. 3-2A), oat and Austrian winter pea were generally the most productive 

monocultures; mixtures containing either or both of these species (3SppW and 6Spp) almost always 

produced equivalent biomass.  In the spring, cereal rye was always the most productive monoculture, 

Figure 3-1: Monthly a) precipitation and b) mean temperature for 2013, 2014, and 2015, in 
comparison to monthly averages for 1980 to 2016 (horizontal black bars).  Data is from NLDAS (Xia 
et al. 2012). 
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though it was not statistically different from canola and clover in 2015.  Rye biomass exceeded 6Spp 

in 2013 and 3SppW and 6Spp in 2014; otherwise spring mixtures produced equivalent biomass.  

Component species were relatively evenly represented in fall PM mixtures, with the 

exception of red clover, which did not establish well in the late-summer planting window.  Spring 

mixtures (Fig. 3-2C) were dominated by cereal rye.  This shift reflects the phenology of the 

component species, with both oat and radish reliably winterkilling and rye exhibiting very high spring 

growth rates following vernalization.  Winter survival of Austrian winter pea was highly variable, 

with strong overwintering in the relatively mild 2012-2013 winter but near-total winterkill in the 

following years.  Pea survival was better in mixtures than in monocultures, likely due to suppressed 

fall growth rate, which delayed flowering, and to over-winter protection by other species’ biomass 

(Murrell et al. 2017).   

In the PS window (Fig. 3-2, Table 3-4), late planting resulted in minimal fall biomass 

production (Fig. 3-2B).  Only cereal rye reliably overwintered, which reduced the effective treatments 

in the PS window to two: those with rye and those without (Fig. 3-2D).  In general, spring rye 

biomass did not differ among rye-containing treatments (Table 3-4), despite seeding rate being 

reduced by 80% in the 4Spp and 6Spp mixes.  The only exception was in 2013, when 4Spp and 6Spp 

produced less biomass than the rye monoculture.  Rye planted in the PS window produced equivalent 

spring biomass to that planted roughly two months earlier in the PM window.  This was in part due to 

it being terminated 8-9 days later, but also shows rye’s excellent adaptation as a late-planted cover 

crop.   
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   Cover Crop Treatment 
  Year Fallow Clover Pea Radish Canola Oat Rye 3SppW 3SppN 4Spp 6Spp 

Fall 

Biomass 
2012 - 647 a 2440 bc 2120 bc 2350 bc 3340 d 1810 b 2470 bc 2240 bc 2260 bc 2670 cd 
2013 - 1960 a 4470 c 2230 a 2140 a 3890 bc 1770 a 3490 bc 2690 ab 2850 ab 3710 bc 
2014 - 1270 a 3120 cd 2060 abc 2040 abc 3450 d 1360 ab 2470 bcd 2720 cd 2120 abc 2660 cd 

C:N 
2012 - 14.1 b 9.46 a 15.3 b 15.5 bc 25.3 e 18.9 d 23.4 e 12.7 ab 15.5 b 18.7 cd 
2013 - 16.7 abc 13.0 a 19.6 cd 22.1 d 33.3 e 18.4 bcd 31.2 e 14.3 ab 14.8 ab 21.6 d 
2014 - 14.5 ab 11.3 a 18.4 bcd 23.1 e 40.2 g 22.0 de 33.8 f 13.7 ab 16.2 abc 23.8 e 

Spring 

Biomass 
2013 - 2330 b 1900 b 97.2 a 4010 c 33.8 a 5850 de 4280 cd 6050 e 5850 de 3360 bc 
2014 - 1350 bc 13.2 a 41.6 a 562 ab 18.7 a 2390 d 1210 bc 1700 cd 1930 cd 1340 bc 
2015 - 1690 cd 142 a 243 ab 1770 cd 25.4 a 2230 cd 1640 cd 2530 d 2370 d 1240 bc 

C:N  
2013 - 11.6 a 9.85 a 19.8 b 28.3 c 19.8 b 41.0 d 39.4 d 28.2 c 26.6 c 27.9 c 
2014 - 11.1 a 19.8 c 19.8 c 14.6 b 19.8 c 26.8 f 23.4 de 20.8 cd 21.5 cde 23.7 e 
2015 - 11.2 a 17.8 b 19.8 b 17.6 b 19.8 b 30.5 c 26.7 c 21.9 b 19.2 b 20.1 b 

 
 
 
 
 
 
 
 
 
	  

Table 3-3:  Aboveground biomass (kg ha-1 dry matter) and carbon-to-nitrogen (C:N) ratio by year of cover crops grown prior to maize (PM). 
Biomass and C:N values both include weeds.  C:N ratio mean is weighted by the biomass of each replicate.  Means within years that share a 
letter are not significantly different at the alpha = 0.05 level with a Tukey correction for multiple comparisons.  Cover crop biomass values were 
previously reported in Murrell et al. (2017) and Baraibar et al. (2018). 
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   Cover Crop Treatment 
  Year Fallow Clover Pea Radish Canola Oat Rye 3SppW 3SppN 4Spp 6Spp 

Fall 

Biomass 
2012 - 0.767 a 42.7 abc 42.8 abc 29.1 ab 84.9 bcd 112 de 105 de 151 e 140 de 95.7 cde 
2013 - 14.0 a 122 b 158 bc 76.6 ab 236 cd 171 bcd 256 cd 263 d 237 cd 233 cd 
2014 - 8.26 a 94.2 b 131 bc 104 b 205 de 249 e 197 cde 239 de 216 de 179 cd 

C:N 
2012 - 16.8 de 12.1 abc 9.90 a 11.6 abc 14.5 cd 13.5 bc 14.0 cd 12.6 abc 10.7 ab 12.4 abc 
2013 - 15.1 e 11.7 bc 9.38 a 10.7 b 14.5 e 13.5 de 13.9 e 12.7 cd 11.0 b 12.5 cd 
2014 - 13.7 d 10.9 ab 9.40 a 10.7 ab 14.5 d 13.6 cd 12.8 cd 13.4 cd 11.8 bc 12.0 bc 

Spring 

Biomass 
2013 227 a 235 a 747 a 303 a 291 a 443 a 6010 c 4890 bc 5510 bc 3930 b 3540 b 
2014 3.50 a 39.1 a 9.68 a 5.97 a 1.95 a 13.5 a 2190 b 2050 b 1720 b 1960 b 1670 b 
2015 92.5 a 101 a 692 b 72.2 a 301 ab 146 a 1850 c 1850 c 1780 c 2280 c 1800 c 

C:N  
2013 22.1 a 19.0 a 12.5 a 21.3 a 20.1 a 20.2 a 40.3 c 40.7 c 34.5 bc 30.7 b 33.9 bc 
2014 20.2 a 19.9 a 20.2 a 20.2 a 20.2 a 20.2 a 32.3 c 32.3 c 29.3 bc 28.7 b 30.8 bc 
2015 20.2 b 19.9 b 10.9 a 20.2 b 13.4 a 20.2 b 31.8 de 31.1 de 33.8 e 26.4 c 28.8 cd 

 

 

 

 

Table 3-4:  Aboveground biomass (kg ha-1 dry matter) and carbon-to-nitrogen (C:N) ratio by year of cover crops grown prior to soybean (PS).  
Biomass and C:N values both include weeds.  C:N ratio mean is weighted by the biomass of each replicate.  Means within years that share a 
letter are not significantly different at the alpha = 0.05 level with a Tukey correction for multiple comparisons.  Fall biomass and C:N ratio are 
not reported for the fallow treatment due to missing data. 
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Cover crop C:N ratio also differed by cover crop treatment, season, planting window, and 

year.  Prior to maize (Fig. 3-3, Table 3), C:N ratios changed dramatically between the fall and spring 

in most treatments.  In the fall, the oats and the 3SppW mixture, which was dominated by oat, had the 

highest C:N ratio (~23-40).  C:N ratios were low in the pea, clover, 3SppN, and 4Spp (~9-16).  The 

remaining treatments were not different and were clustered around a C:N ratio of 20.  In the spring, 

rye biomass always had the highest C:N ratio (~27-41).  The difference with other species was most 

extreme in 2013, when later termination allowed rye to head out.  The mixtures generally had lower 

C:N ratios than the rye monoculture, except 3SppW in 2013 and 2015, due to inclusion of non-grass 

cover crop species.  Spring C:N was lowest in the clover in all years, and in pea in 2013, when it 

overwintered.  The invariant C:N ratio of 20.0 in fall for fallow and 19.8 in spring for fallow, oat, 

radish, and 2014 pea reflects the mean C:N ratio of weeds.   

Prior to soybean, fall cover crop C:N ratios differed among treatments, but the effect on soil 

nutrient dynamics was likely minor due to very limited growth (Table 3-4).  Spring C:N ratios 

corresponded strongly to the presence or absence of rye (Fig. 3-4, Table 3-4).  As with biomass, C:N 

Figure 3-2:  Cover crop biomass production in fall (A, C) and spring (B, D) in the planting windows 
prior to maize (A, B) and prior to soybean (C, D).  Clusters of bars represent results from the 2012-
2013, 2013-2014, and 2014-2015 cover cropping seasons, respectively.  Note the different scale in 
the expanded portion of C.  Adapted from Murrell et al. (2017). 
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ratio was very similar between the PM and PS planting windows in the rye-containing treatments, 

though it was typically higher in the PS mixtures since there was much less, if any, non-rye biomass.  

 

 

 

 

Figure 3-3:  Cover crop biomass carbon:nitrogen ratio in the fall (A) and spring (B) prior to maize 
(mean and standard deviation).  C:N ratio is not reported for the fallow treatment since weeds were 
controlled with tillage. 

Figure 3-4:  Cover crop biomass carbon:nitrogen ratio in the spring prior to soybean (mean and 
standard deviation). 
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3.3.3 Soil Inorganic Nitrogen – Prior to Maize 

In the PM window, SIN varied by cover crop treatment and year (Fig. 3-5).  In general, SIN 

increased sharply following cover crop termination and manure application (indicated with downward 

arrows in Fig. 3-5).  However, SIN was elevated prior to cover crop termination in pea, fallow, and 

2013 radish, due to the lack of cover crop N uptake in these treatments in spring.  This result was not 

seen in oat treatments, despite the lack of a growing cover crop.  This was likely due to either slower 

N release from or N immobilization due to the high-C:N ratio oat biomass.  By mid-June, maize N 

uptake began reducing SIN and treatment differences were eventually eliminated.   

 

 

Figure 3-5: Soil inorganic nitrogen in nitrate (NO3
-) and ammonium (NH4

+) in the top 20 cm of soil 
in plots planted to maize in 2013, 2014, and 2015.  Downward arrows indicate the dates of cover crop 
termination, which were closely followed by manure application and tillage.  Upward arrows indicate 
the dates of maize planting.  
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Cover crops drove strong differences in the integrated measure of SIN across the maize 

growing season, SINauc, with cover crop treatment explaining 51.5% (R2
m) of the variation in SINauc 

across all three years (Fig. 3-6, Table 3-5).  Pea and clover had among the highest SINauc levels each 

year, suggesting that they increased net N mineralization, but were only different from fallow in 

2013.  SINauc was also high in radish in 2013, reflecting high biomass and low C:N ratio the previous 

fall.  Rye, oat and 3SppW had among the lowest SINauc each year, but the only statistical evidence for 

net immobilization relative to fallow was in rye and 3SppW in 2013.  Difficulty in resolving on net 

mineralization and immobilization following termination of cover crops with spring biomass C:N 

ratios well below and above 25 is likely due to the effects of manure on soil N dynamics and site 

spatial heterogeneity.   

 

Cover Crop 
Treatment  2013 2014 2015 

Fallow 589 bc 572 ab 659 abc 
Clover 896 d 606 ab 969 bc 
Pea 988 d 808 b 997 c 
Radish 764 cd 586 ab 635 abc 
Canola 559 bc 591 ab 605 ab 
Oat 580 bc 481 a 472 a 
Rye 314 a 438 a 482 a 
3SppW 313 a 489 a 559 a 
3SppN 563 bc 568 ab 689 abc 
4Spp 542 abc 674 ab 704 abc 
6Spp 487 ab 474 a 630 ab 

 

 

 

Table 3-5: Area-under-the-curve of soil inorganic nitrogen (SINauc) in nitrate (NO3
-) and ammonium 

(NH4
+) in the top 20 cm of soil in plots planted to maize between early June and late July.  Means 

within years that share a letter are not significantly different at the alpha = 0.05 level with a Tukey 
correction for multiple comparisons.   
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Differences in SIN among years are attributable to manure rates and weather patterns.  

Manure was applied on a wet-weight basis, but varied substantially in moisture content and N 

concentration.  As a result, manure plant-available N was 65.3% and 85.2% higher in 2014 and 2015, 

respectively, than in 2013 (Table 3-1).  Despite the lower manure N content in 2013, the later 

termination date allowed pea and clover to accumulate ample biomass N and maintain high SIN 

during early maize growth.  However, late termination led to very low SIN following rye and 3SppW.  

Soil inorganic N was lower in 2014 than in 2015 despite similar manure plant-available N and cover 

crop biomass and C:N ratios in the two years.  This is likely due to leaching caused by high rainfall in 

May of 2014 (Fig. 3-1a).  Above-average temperatures in May of 2015 (Fig. 3-1b) may have also 

increased N mineralization from cover crop biomass, manure, and soil organic matter.  

Spatiotemporal stability of SINauc did not differ by cover crop according to the traditional EI-

based stability analysis (Table 3-6, Fig. 3-7).  There was also no relationship between cover crop 

species diversity and any of the stability metrics.   

However, there were strong differences in the consistent performance index for SINauc 

(CPIsin), with low-C:N ratio cover crops consistently having the highest scores (Table 3-6).  This 

finding aligns with a visual inspection of the EI-based stability analysis plot (Fig. 3-7), which shows 

that SINauc following pea and clover was variable but consistently high, while SINauc following radish 

and 4Spp was lower but more stable.  The cover crop treatments dominated by high-C:N ratio grass 

biomass, such as rye, 3SppW, and oat, resulted in consistently low SINauc.   

Figure 3-6: Area-under-the-curve of soil inorganic nitrogen (SINauc) in nitrate (NO3
-) and ammonium 

(NH4
+) in the top 20 cm of soil in plots planted to maize between early June and late July pooled 

across 2013, 2014, and 2015 (mean and standard deviation).   
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For the most part, the rank order of mean SINauc is identical to that for CPIsin, but there are 

instructive exceptions.  The fallow treatment is ranked higher (5th) by CPIsin than by mean SINauc (6th).  

This is likely because this treatment had lower variability than 3SppN, the treatment that it moved 

ahead of in the CPIsin ranking, so its average rank was higher even if the overall mean was not.  

Indeed, CV of SINauc was lower following fallow than following 3SppN.  The same pattern holds for 

the other pair of treatments that switched rank: oat and 6Spp.  Mean SINauc was lower following oat, 

but oat had a lower CV and ranked higher than 6Spp according to CPIsin.  The 3SppN and 4Spp 

mixtures had higher mean SINauc and CPIsin scores than rye. 

The CV does not reveal patterns of stability in SINauc based on any known cover crop 

characteristics.  While the two legume monoculture cover crops resulted in relatively high CV of 

SINauc, the grass-dominated 3SppW had the highest CV.  Likewise, the mixtures had CV’s spanning 

the full range of monoculture CV’s.   

 

Cover Crop 
Treatment  

SINauc CPIsin CV EI 
slope 

Pea 931 e 10.2 f 24.7 2.29 
Clover 824 de 9.08 ef 26.9 1.28 
Radish 662 cd 7.50 def 18.6 0.182 
4Spp 640 c 6.92 cde 16.8 0.699 
3SppN 607 bc 6.25 cde 24.3 1.29 
Fallow 607 bc 6.50 cde 22.6 1.26 
Canola 585 abc 6.08 bcd 21.9 0.808 
6Spp 531 abc 4.08 abc 23.2 1.22 
Oat 511 abc 4.17 abc 21.6 0.71 
3SppW 453 ab 3.25 ab 31.4 0.645 
Rye 411 a 2.00 a 24.1 0.606 

 

 

 

 

 

Table 3-6:  Mean area-under-the-curve of soil inorganic nitrogen (SINauc) and spatiotemporal stability 
metrics of SINauc (consistent performance index (CPIsin), coefficient of variation (CV), and slope of 
the environmental index (EI)), by cover crop treatment.  Values represent all three years of the study.  
Means within columns that share a letter are not significantly different at the alpha = 0.05 level with a 
Tukey correction for multiple comparisons.  An EI slope of one indicates mean stability for this set of 
treatments, lower slope indicates greater stability, and higher slope indicates lower stability.  There 
were no statistical differences among EI slopes.  
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3.3.4 Soil Inorganic Nitrogen – Prior to Soybean 

In the PS plots, SIN primarily varied among years and between cover crops treatments that 

included rye and those that did not (Fig. 3-8).  Limited sampling dates in 2013 make comparisons 

with other years challenging.  In both 2014 and 2015, cover crops that did not include rye resulted in 

higher SIN than those that did.  Immediately after cover crop termination, SIN was 3-4 times higher 

following non-rye cover crops, but this difference declined as the season progressed.  As in the PM 

window, SIN levels were higher in 2015 than in 2014, despite similar cover crop performance 

between years.  Again, this may be due to leaching in May of 2014 and elevated temperature 

increasing mineralization in May of 2015.  Mid-June SIN was lower in rye than in radish and pea in 

2014 (6/11/2014) and higher in pea than in rye, canola, 3SppW, 3SppN, and 4Spp in 2015 

(6/24/2015; Fig. 3-9, Table 3-7).  Cover crop treatment explained 25.1% (R2
m, p < 0.0001) of the 

variation in mid-June SIN in soybean across 2014 and 2015. 

Figure 3-7: Spatiotemporal stability of the area under the curve of soil inorganic nitrogen (SINauc) in 
nitrate (NO3

-) and ammonium (NH4
+) in the top 20 cm of soil in plots planted to maize.  Environmental 

index is the mean SINauc of all treatments in each block of four blocks in three years.  A slope of one 
indicates mean stability for this set of treatments, lower slope indicates greater stability, and higher 
slope indicates lower stability.   
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Cover Crop 
Treatment  2014 2015 

Fallow 8.43 ab 14.8 ab 
Clover 9.03 ab 12.3 ab 
Pea 10.5 b 18.3 b 
Radish 10.4 b 13.9 ab 
Canola 9.22 ab 12.1 a 
Oat 8.34 ab 14.2 ab 
Rye 5.15 a 10.1 a 
3SppW 7.78 ab 10.3 a 
3SppN 7.04 ab 11 a 
4Spp 6.36 ab 11 a 
6Spp 6.97 ab 12.4 ab 

 

 

 

 

 

 

Figure 3-8:  Soil inorganic nitrogen (SIN) in nitrate (NO3
-) and ammonium (NH4

+) in the top 20 cm 
of soil in plots planted to soybean in 2013, 2014, and 2015.  Downward arrows indicate the dates 
of cover crop termination, which were closely followed by tillage.  Upward arrows indicate the 
dates of soybean planting.  Note that SIN was sampled on only two dates in 2013.   

Table 3-7: Soil inorganic nitrogen (SIN) in nitrate (NO3
-) and ammonium (NH4

+) in the top 20 cm of 
soil in plots planted to soybean in mid-June.  Means within years that share a letter are not 
significantly different at the alpha = 0.05 level with a Tukey correction for multiple comparisons.   
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3.3.5 Maize Silage Yield 

Maize silage yield was highest in 2015, intermediate in 2013, and lowest in 2014 (Fig. 3-10, 

Table 3-8).  Yield was below the county average in every year following every cover crop (Table 3-

8).  This may be because the maize was planted roughly one month later than conventional practice.  

This was done to ensure rapid germination and avoid pest and pathogen damage to the seeds and 

seedlings, which cannot be managed with chemical controls under organic management.  Nutrient 

availability may have also been limited due to the reliance on manure and cover crop residues for 

fertility.   

Maize silage yield differed strongly by cover crop (Fig. 3-10, Table 3-8).  Cover crop 

treatment explained 21.7% of the variability in annual maize yield across all three years (R2
m, p < 

0.0001).  Pea resulted in among the highest maize yield in every year and surpassed all other cover 

crop treatments in 2014.  Maize yield following clover, radish, canola, 3SppN, 4Spp, and 6Spp were 

not different from that following pea in 2013 or 2015.  Yield following fallow matched yield 

following pea in 2013 and 2014, but not in 2015.  Yield following rye was always among the lowest, 

but generally was not different from most other treatments, except pea, clover and radish in 2013 and 

pea and 3SppN in 2014.  Maize yield was positively correlated with both SINauc (Fig. 3-11) and 

spring cover crop C:N ratio, which explained 23.0% and 15.4% of the variability in maize yield, 

Figure 3-9: Soil inorganic nitrogen (SIN) in nitrate (NO3
-) and ammonium (NH4

+) in the top 20 cm of 
soil in plots planted to soybean in mid-June of 2014 and 2015 (6/11/2014 and 6/24/2015; mean and 
standard deviation). 
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respectively (R2
m; p < 0.0001 for both).  The response of maize yield to SINauc was less robust in 

2015, perhaps because additional N mineralization following depletion of SIN stocks by maize uptake 

met the N requirements of maize grown in treatments with low SINauc. 

 

 

 

Figure 3-10: Maize silage yield (Mg ha-1 dry matter) following cover crop monocultures and mixtures 
(mean and standard deviation).   

Figure 3-11:  Relationship between maize silage yield (Mg ha-1 dry matter) and the area-under-the-
curve of soil inorganic nitrogen (SINauc) in nitrate (NO3

-) and ammonium (NH4
+) in the top 20 cm of 

soil under maize between early June and late July.   
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As with SINauc, spatiotemporal stability of maize silage yield did not differ by cover crop 

treatment when analyzed based on the slope of the EI analysis (Table 3-9, Fig. 3-12).  There was also 

no relationship between cover crop species diversity and any of the stability metrics.   

However, the CPI for maize silage yield (CPIZm) strongly differentiated among cover crop 

treatments, with the highest scores following cover crops with low biomass C:N ratios.  Again, this 

result is confirmed by visual inspection of the EI analysis plot (Fig. 3-12), which shows that maize 

yield was high and quite stable following pea.  While yield was substantially less stable following 

clover, radish, and 3SppN, illustrated by high slopes against the EI, these treatments also out-yielded 

all others except pea in moderate-to-favorable environments.  In contrast, rye and 3SppW were 

consistent poor-performers.  The fallow treatment appears to be the most stable.  However, compared 

to clover, radish, and 3SppN, the yield increase following fallow in bad years is much smaller than 

the yield loss in good years, so on balance this type of stability may not be beneficial.   

The CPIZm captures both the mean level and the relatively stability of the treatments.  Mean 

yield determines CPI scores more strongly than variability, but shifts in the rank order of treatments 

between mean maize silage yield and CPIZm confirm that the index also rewards low variability.  For 

instance, radish is ranked above clover in the CPIZm, despite a lower mean yield, and also has a lower 

CV.  Likewise, fallow increases in rank over oat and 6Spp and has lower CV than both of them.  

Importantly, there was a strong relationship between CPIsin and CPIZm, with the former explaining 

84.9% of the variation in the latter (Fig. 3-13).  The CPIZm score for all mixtures except 3SppW was 

higher than for rye.  

The CV does little to further illuminate spatiotemporal yield stability.  Pea produced the 

lowest CV, while clover produced the second-highest.  4Spp produced the second-lowest, while 

3SppW produced the highest.  Radish and canola resulted in moderate and nearly identical CV’s, 

potentially suggesting greater yield stability following brassica cover crops, which could be due to 

their low-to-moderate biomass C:N ratios.  However, it is difficult to draw this conclusion from two 

data points.   
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  Cover Crop Treatment  County 
Mean a Crop Year Fallow Clover Pea Radish Canola Oat Rye 3SppW 3SppN 4Spp 6Spp Mean 

Maize 
Silage 

2013 14.1 bc 15.7 c 16.3 c 15.3 c 13.5 abc 12.5 abc 9.17 a 10.0 ab 13.2 abc 13.4 abc 13.7 abc 13.4 B 17.7 
2014 11.1 abc 10.1 ab 14.2 c 10.2 ab 10.0 ab 9.60 ab 8.40 a 9.84 ab 11.6 bc 10.8 ab 9.65 ab 10.5 A 18.1 
2015 12.4 a 16.3 ab 16.5 b 15.9 ab 14.3 ab 15.5 ab 12.5 ab 13.8 ab 15.9 ab 14.9 ab 14.3 ab 14.8 C 18.9 

Soybean 
2013 3.00 3.06 2.74 2.71 2.78 2.68 2.88 2.92 3.26 2.67 2.85 2.87 A 3.44 
2014 3.64 3.48 3.45 3.61 3.41 3.82 3.65 3.45 3.35 3.58 3.42 3.53 C 3.56 
2015 2.95 2.97 3.04 3.05 3.12 3.14 3.00 3.14 3.05 3.10 2.86 3.04 B 3.26 

Wheat 
2013 2.85 2.55 2.89 2.94 2.94 3.02 2.99 2.47 2.66 3.14 2.75 2.84 C 4.64 
2014 2.37 2.59 2.71 2.16 2.29 2.52 2.42 2.56 2.42 2.17 2.14 2.40 B 4.74 
2015 1.93 1.85 1.90 2.13 2.03 1.98 2.07 1.87 1.84 1.96 2.20 1.98 A 4.88 

Units: maize silage, Mg ha-1 dry matter; soybean, Mg ha-1 at 13% moisture; wheat, Mg ha-1 at 13.5% moisture.   
a Data from NASS QuickStats (2018).  

Table 3-8: Maize silage, soybean, and wheat yields by cover crop and year.  Means within or across years that share a letter are not significantly 
different at the alpha = 0.05 level with a Tukey correction for multiple comparisons.  There are no pairwise differences among cover crop 
treatments for soybean or wheat yield.   
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Cover Crop 
Treatment  

Maize 
silage yield CPIZm CV EI 

slope 
 Mg ha-1    
Pea 15.6 d 10.2 d 13.0  0.744 
Clover 14.1 cd 7.42 cd 25.7  1.33 
Radish 13.8 cd 8.00 cd 21.9  1.25 
3SppN 13.5 bcd 7.08 bcd 22.5  1.18 
4Spp 13.0 bcd 6.00 bc 17.0  0.840 
Canola 12.6 bc 5.58 bc 22.2  0.945 
6Spp 12.5 bc 5.42 bc 22.7  1.12 
Oat 12.5 bc 5.25 bc 24.5  1.17 
Fallow 12.5 bc 5.58 bc 19.8  0.642 
3SppW 11.2 ab 3.92 ab 26.8  0.974 
Rye 10.0 a 1.58 a 22.1  0.811 

 

 

 

Table 3-9: Mean maize silage yield and spatiotemporal stability metrics of yield (consistent 
performance index (CPIZm), coefficient of variation (CV), and slope of the environmental index (EI)), 
by cover crop treatment.  Values represent all three years of the study.  Means within columns that 
share a letter are not significantly different at the alpha = 0.05 level with a Tukey correction for 
multiple comparisons.  An EI slope of one indicates mean stability for this set of treatments, lower 
slope indicates greater stability, and higher slope indicates lower stability.  There were no statistical 
differences among EI slopes. 

Figure 3-12: Spatiotemporal stability of maize silage yield.  Environmental index is the mean yield 
of all treatments in each block of four blocks in three years. 
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3.3.6 Soybean Yield 

Soybean yield was highest in 2014, intermediate in 2015, and lowest in 2013 (Fig. 3-14, 

Table 3-8).  Yield was higher than the county average in 2014 and below it in the other years.  

Differences among years were likely due to precipitation patterns, with consistent rains in 2014 

promoting high yield and late-season drought depressing yield in 2013 and 2015.   

There were no cover crop effects on soybean yield, either by treatment or between the rye-

containing and no-rye treatment groups (Fig. 3-14, Table 3-8).  Soybean yield could not be explained 

by SIN measured at any time during soybean growth or by spring cover crop C:N ratio.  

 

Figure 3-13:  Relationship between spatiotemporal consistent-performance index of SINauc (CPIsin) 
and maize silage yield (CPIZm).  Each point represents one cover crop treatment.  CPI score for a given 
value (yield or SINauc) corresponds to the mean rank for that value across three years and four blocks.   
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There were no indications of differences in spatiotemporal stability of soybean yield based on 

any of the metrics used (Table 3-10, Fig. 3-15), nor was there a relationship between treatment 

diversity and any of the stability metrics.  Neither EI slope nor CPI of soybean yield (CPIGm) differed 

by cover crop treatment.  While EI slope was relatively high for oat and rye, suggesting that grasses 

may result in low soybean yield stability, two mixtures that were essentially entirely composed of 

cereal rye (3SppN and 3SppW) had the lowest EI slopes.  Likewise, CV did not differ consistently by 

cover crop characteristics, with the rye-containing and no-rye treatments distributed across the full 

range of CV values.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-14: Soybean yield (13% moisture) following cover crop monocultures and mixtures (mean 
and standard deviation).   
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Cover Crop 
Treatment  

Soybean 
yield CPIGm CV EI 

slope 
 Mg ha-1    
3SppN 3.22 6.58 12.3  0.336 
Oat 3.22 6.67 16.3  1.41 
Fallow 3.2 7.00 15.3  0.978 
Rye 3.17 5.25 17.6  1.33 
3SppW 3.17 6.58 9.88  0.738 
Clover 3.17 6.42 14.4  0.999 
Radish 3.12 5.50 14.2  1.11 
4Spp 3.12 5.92 15.0 1.2 
Canola 3.11 5.83 10.0 0.761 
Pea 3.08 5.33 16.6  1.12 
6Spp 3.05 4.92 14.0 1.02 

 

 

 

Table 3-10:  Mean soybean yield and spatiotemporal stability metrics of yield (consistent performance 
index (CPIGm), coefficient of variation (CV), and slope of the environmental index (EI)), by cover crop 
treatment.  Values represent all three years of the study.  There were no statistical differences among 
values in any of the columns.  An EI slope of one indicates mean stability for this set of treatments, 
lower slope indicates greater stability, and higher slope indicates lower stability.   

Figure 3-15: Spatiotemporal stability of soybean yield.  Environmental index is the mean yield of all 
treatments in each block of four blocks in three years.  A slope of one indicates mean stability for this 
set of treatments, lower slope indicates greater stability, and higher slope indicates lower stability.   
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3.3.7 Wheat Yield 

Wheat yield was highest in 2013, intermediate in 2014, and lowest in 2015 (Fig. 3-16, Table 

3-8), despite an increase in the seeding rate in the final year.  This trend tracks a decline in plant-

available N in applied manure (Table 3-1), which was caused by variability in manure moisture and N 

content.  Lower yield in 2014 and 2015 may have also been due to low winter temperatures and lack 

of snow cover.  Wheat yield was far below the county average in every year, likely due to late 

planting and slow mineralization of manure N in cold conditions.   

Wheat yield did not differ by cover crop (Fig. 3-16, Table 3-8).  Cover crop treatment effects 

were tested separately for 2015 wheat, since this is the only year in which the wheat plots had a 

legacy of cover crops from both the PM and PS planting windows.  Despite this more substantial 

cover crop legacy, there were also no cover crop effects on 2015 wheat yield, either by cover crop 

treatment or when the rye-containing and no-rye groups were pooled.  

 

 

Figure 3-16: Wheat yield (13.5% moisture) following cover crop monocultures and mixtures (mean 
and standard deviation).  
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3.4 Discussion 

3.4.1 Cover Crop Effects on Crop Yields 

Cover crops exerted a strong influence on the yield of the following maize crop but did not 

affect yield of soybean or wheat.  The strong positive relationship between SINauc and maize yield 

(Fig. 3-10) indicates that cover crops affected yield by modifying soil N availability.  Compared to 

fallow, both SINauc and maize yield tended to increase following cover crops with low-C:N ratio 

biomass and decreased following those with high-C:N ratio biomass (Figs. 3-6 and 3-9).   

In soybean, high-C:N ratio cover crops—essentially, treatments that included rye—had a 

similar effect on SIN, but no effect on yield.  Though soybeans have been shown to respond to 

applications of N fertilizer, despite their ability to fix atmospheric N, this response is most common in 

environments with higher yield potential than that assessed here (Salvagiotti et al. 2008).  Lack of an 

effect on wheat yield, even in 2015 with the legacy of two prior cover crop plantings, is likely due to 

the temporal separation between cover crop and wheat growth.  The manure applied before wheat 

planting also likely diluted any cover crop effects on soil N.  

Mean maize yield was consistently highest following pea, which produced a large amount of 

low-C:N ratio biomass in the fall of each year and in the spring of 2013.  The yield advantage 

following pea was greatest in 2014, when SIN was low in the top 20 cm across all cover crops, 

including pea, likely due to heavy spring rains following cover crop termination.  This indicates that 

either SIN retained below 20 cm or newly-mineralized N from decomposing pea residue was 

sufficient to support high yield.  It is unclear why yield was higher following pea in 2014 than 

following clover, which had higher SIN than pea at cover crop termination.  This discrepancy may be 

due to spatial variability across our heterogeneous site.  Regardless, the legacy of legume 

monocultures clearly resulted in the highest yields.   

However, previously-reported results from this experiment show that N leaching potential 

during the fall and spring cover crop growth period was much higher under pea and clover than any 

other treatment except fallow (Finney et al. 2017).  Elevated SIN following pea and clover during the 

brief period between cover crop termination and maize planting further increases the risk of heavy N 

losses.  This indicates a management tradeoff that could be better optimized by cover crop treatments 

that combine low-C:N ratio biomass and low leaching potential. 
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Mixtures dominated by grasses, which uniformly had high-C:N ratio biomass, produced the 

lowest maize yield.  Yield was numerically lowest following rye in every year except 2015, when 

yield was lower in fallow.  The 3SppW mix, which was dominated by oat in the fall and rye in the 

spring, also produced low maize yield.  However, yield was higher following mixtures that contained 

substantial biomass from legumes and brassicas in addition to rye and oat.  For example, yield 

following 3SppN was not different from that following pea in any year, and nor was yield following 

4Spp and 6Spp in 2013 and 2015.  Nitrogen leaching potential under 3SppN, 4Spp, and 6Spp was 

very low (Finney et al. 2017), indicating that a balanced mixture of species with complementary N-

functional traits can optimize N supply and retention services in diverse mixtures.  The brassica cover 

crop species—canola and radish—resulted in moderate yield when grown in monoculture and helped 

mitigate the yield drag from rye when included in mixtures (4Spp and 6Spp).   

Over-winter survival exerted strong effects on cover crop mixture composition and resulting 

maize yield.  Mixture evenness declined greatly from fall to spring (Murrell et al. 2017) as radish and 

oat winterkilled; pea was set back or killed; and rye began to grow rapidly following vernalization.  

Rye rarely made up more than 35% of PM mixture biomass in the fall but was regularly over 75% in 

the spring.  In the 3SppW mix, phenological complementarity allowed both oat and rye to thrive in 

their respective windows of maximum growth, leading to large amounts of high-C:N ratio biomass in 

both fall and spring and ultimately to low maize yield.  However, phenological complementarity also 

allowed pea and canola to produce substantial biomass in the 3SppN and 4Spp mixes in the fall, 

which moderated their composite C:N ratio and reduced maize yield drag.  This indicates that 

phenological complementarity is a powerful tool for shaping cover crop performance and that careful 

mixture design can help achieve specific services.  

Winter phenology may also affect the relationship between biomass C:N ratio, SINauc, and 

maize yield.  Despite the oat monoculture exhibiting among the highest C:N ratios in the fall, SINauc 

was not depressed following oat in 2013 and 2014.  This is likely because it died in the winter and 

subsequent decomposition reduced residue C:N ratio prior to maize growth (White et al. 2016).  

However, winter survival did not seem to affect the performance of Austrian winter pea, which 

resulted in similar SINauc and maize yield in 2013 and 2015 and similar yields across all years, despite 

only overwintering in 2013.    

In general, our results confirm previous findings (Finney et al. 2016, White et al. 2016, White 

et al. 2017) that cover crop C:N ratio can have a large effect on the yield of the following crop, 

particularly N-scavengers such as maize, when the cover crops are allowed to produce substantial 

biomass.  The yield benefit following N-mineralizing cover crops suggests that combining cover 
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cropping with a P-based manure fertility program may enable adequate N fertility while avoiding 

overapplication of P, which is common when manure is used to meet plant N requirements.  Over the 

course of a single crop rotation, we do not see evidence that cover crop C:N ratio affects leguminous 

cash crops or those separated temporally from the cover crop growth window.  However, longer-term 

cover cropping may result in changes to soil structural and chemical properties that would affect the 

growth of all crops in the rotation (Blanco-Canqui et al. 2015).   

These results seem likely to be broadly applicable to annual cropping systems in humid, 

temperate regions, especially since they align with past findings for less-diverse cover crops (Tonitto 

et al. 2006, Marcillo and Miguez 2017).  However, maize produced under different soil and 

management conditions is likely to respond differently to equivalent cover crop performance.  Our 

site was relatively N-limited compared to most commercial farms, since manure applications were 

targeted to meet P requirements.  Higher levels of manure or other N inputs may mitigate the negative 

yield effects of high-C:N ratio cover crops, or diminish the benefits of low-C:N ratio cover crops.  

Likewise, as White et al. (2017) found, SOC levels interact with cover crop N supply to affect maize 

yield.  Soils with higher N-mineralization capacity may be able to support high maize yield following 

higher-C:N ratio cover crops, which could present an opportunity for reducing N losses without 

affecting productivity (White et al. 2017).  However, given that many system components—e.g., 

cover crop growth, soil N mineralization, rainfall, drainage, and crop N uptake—are highly variable 

in response to soil, weather, and management conditions, further research is needed to determine the 

effects of multi-species cover crops on maize yield and N loss dynamics.  

3.4.2 Cover Crop Effects on Crop Yield Stability 

Traditional methods of quantifying stability—coefficient of variation and stability analysis 

using an environmental index—did not illuminate any differences among cover crop treatments, or 

relationships between cover crop performance and cash crop response.  However, visual inspection of 

the EI plots of SINauc (Fig. 3-7) and maize yield (Fig. 3-12) suggests substantially different 

performance among treatments.  This points to a fundamental challenge of analyzing stability in 

agronomic systems: traditional stability metrics are blind to the level of the function measured.  In 

agronomic systems, the level of the function matters, whether it is yield, N mineralization, weed 

suppression, or one of many other management targets.  For desirable functions, the goal is to achieve 

performance that is both high and stable; for undesirable functions, low and stable performance is 
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preferred.  However, a low CV or a low slope in an EI analysis may coincide with either high or low 

mean performance.  Moreover, for biological functions that asymptote at the low and high end of the 

driving variable, such as the response of maize yield to N additions, both high and low levels of that 

variable are likely to result in a stable outcome. 

A new stability metric is needed that accounts for both mean performance level and 

consistency across time and/or space.  The rank-based consistent-performance index (CPI) evaluated 

here meets this criterion, as shown by an evaluation of differences in the rank order of cover crop 

treatments between mean performance level and CPI.  For both SINauc and maize yield, CPI treatment 

rank increased relative to mean performance rank only when a treatment was more stable (as 

measured by CV) than the treatment(s) it moved above in rank.  The CPI scores were able to 

numerically represent the patterns of relative mean performance and stability that were only evident 

from the EI analysis upon visual inspection of the plots (Fig. 3-12).   

The CPI proved useful despite the relatively low level of spatiotemporal variability present in 

the dataset, which covered only three years at a contiguous site.  The CPI may be even more useful 

when applied across highly variable environments, where large outliers could skew mean service 

levels, but would have little effect on CPI.  Overall, the ability of CPI to provide information about 

both the level and consistency of a function suggests that it may be a useful tool for assessing 

agronomic management strategies.  It is equally applicable to both desired services and disservices.   

The CPI was also the only metric that showed a relationship between the stability of soil N 

supply and maize yield (Fig. 3-13).  Such relationships are critical if cover cropping is to affect the 

stability of cash crop performance.  Notably, the relationship between CPIsin and CPIZm, was much 

stronger than that between SINauc and maize yield, with more than four times as much of the variation 

explained. 

Contrary to our hypothesis, none of the stability metrics were correlated with species 

diversity.  However, the mixtures assessed here all contained cereal rye, and many were rye-

dominated, especially in the spring.  As a result, the mixtures were limited in functional diversity and 

species diversity was confounded with species identity.  Nevertheless, our results show that 

diversifying the rye monoculture tended to increase both CPIZm and CPIsin, especially when the added 

species had complementary N functions.  Adding oat and clover to rye in the 3SppW treatment did 

not increase either CPI metric, since oat co-dominated and was not different from rye in N function.  

However, strong performance from pea in 3SppN and from pea and canola in 4Spp resulted in much 

higher CPIZm and CPIsin than the rye monoculture.  This finding is an example of the phenomenon 
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reported in Finney et al. (2017), based on the same experiment, in which mixtures increase 

multifunctionality by mitigating disservices.   

3.5 Conclusions 

Selecting cover crop species is an exercise in optimizing across multiple objectives in an 

uncertain environment subject to variable weather and management.  Millennia of selection and 

breeding have produced cover crop species with known environmental tolerances, clear functional 

traits, and relatively robust performance from year to year.  These species can be combined to provide 

a desired set of functions, assuming relative stability in the soil-climate-management environment.  

Though cover crop performance was fairly consistent across three seasons at our site, others have 

found widely divergent outcomes from the same cover crop mixture planted in different site-years 

(Finney et al. 2016, White et al. 2017).   

Our analysis confirms that cover crop mixtures have the potential to strongly affect the yield 

of the following cash crop, especially a crop with a high N demand such as maize.  As in previous 

studies (Finney et al. 2016, White et al. 2016, White et al. 2017), cover crop biomass C:N ratio was a 

key determinant of yield.  However, all of the studies that have shown this result have been conducted 

in low-input systems in Pennsylvania.  Further research is critically needed to determine the yield 

effects of cover crop mixtures in other contexts, to aid farmers in designing mixtures that support high 

yield while also providing other desired services.   

Our results indicate that cover crop mixtures can aid in optimization across multiple 

functions.  For instance, diversifying a rye monoculture with pea and canola both increased maize 

yield and reduced N leaching potential during cover crop growth (Finney et al. 2017).  This same 

strategy also increased the spatiotemporal stability of both soil N supply and maize yield.   

The strong relationship between CPIsin and CPIZm suggests that, at least in low-input 

environments, soil nutrient supply may be a key determinant of crop yield stability.  This finding 

contrasts with much of the literature on yield stability, which focuses on factors that affect soil water 

status (Lotter et al. 2003, Mallory and Porter 2007, Gaudin et al. 2015, Ernst et al. 2018) and soil 

quality in general (Smith et al. 2007, Grover et al. 2009).  However, there are likely to be co-benefits 

for nutrient supply from many of the management interventions that improve soil water supply and 

quality, such as adding organic inputs and diversifying rotations with legumes.  Future studies of 

yield stability should investigate both water and nutrient effects and their interaction.   
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Evaluating spatiotemporal stability proved challenging.  The traditional metrics—coefficient 

of variation and environmental index—failed to verify a relationship between N supply stability and 

maize yield stability, despite the strong mechanistic linkage.  However, the rank-based consistent-

performance index (CPI) developed here clearly showed that consistently high performance in cover 

crop N supply (SINauc) resulted in consistently high performance in maize silage yield.  Rank-based 

indices such as this show promise for future analyses of spatiotemporal stability of agronomic 

production and other ecosystem services.  

Overall, these results suggest that strategic diversification of cover crop treatments could 

result in increased spatiotemporal stability of high performance across multiple services.  However, it 

still remains to be seen whether increasing mixture diversity per se can help harness the insurance 

effect to provide stable functioning in the face of environmental variability.  There was no indication 

of this in our study, but our conclusions are limited due to the low number of high-diversity 

treatments, the dominance of rye in the mixtures, and the short duration of the study.  The benefits of 

cover crop mixture diversity for yield stability may accrue slowly, as in the case of increased SOM, 

and may become more apparent across the wider range of environmental conditions experienced with 

numerous site-years.  Ideally, studies testing this hypothesis would include the following features: 

cover crop treatments designed to include a range of functional response diversity and functional 

effect redundancy; a wide range of soil-climate conditions; and long duration.  Further research will 

help resolve whether mixture diversity can help provide insurance against environmental variability 

while also optimizing crop production and environmental outcomes.    
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Chapter 4 
 

Cover Crop Effects on Maize Physiology Under Experimental Drought 
Conditions 

4.1 Introduction 

Cover crops may be a critical tool for adapting agriculture to climate change while also 

contributing to sustainable intensification by helping meet food demand and reducing environmental 

impacts (Hunter et al. 2017).  Cover crops can limit soil loss caused by extreme rainfall events (Wolfe 

et al. 2018), mitigate climate forcing (Kaye and Quemada 2017), help maintain or increase crop yield 

(Marcillo and Miguez 2017), and reduce losses of nutrients and sediment to waterways (Tonitto et al. 

2006).  However, given projections of increased drought stress in many agricultural regions, a key 

question remains unanswered: How do cover crops impact the drought physiology of the following 

cash crop? 

Increased agricultural drought is among the most concerning projected effects of climate 

change.  Short-term droughts can lead to substantial yield losses and prolonged drought stress may 

cause total crop failure (Denmead and Shaw 1960, Campos et al. 2004).  Climate projections indicate 

that higher temperatures and a reduction in summer precipitation will increase drought frequency and 

severity across much of the United States, including the Northeast (Hayhoe et al. 2007, Walthall et al. 

2013, Wolfe et al. 2018).  While it has been argued that elevated atmospheric carbon dioxide (CO2) 

concentrations will buffer against drought stress by reducing transpirative water losses (Leakey et al. 

2006, Manderscheid et al. 2014, van der Kooi et al. 2016), higher canopy temperature may counteract 

these water savings and exacerbate heat stress (Gray et al. 2016, Wang et al. 2012).  

In the absence of irrigation, drought is one of the most challenging stresses for farmers to 

manage.  An ideal drought-resistant system would both maximize soil water supply and optimize crop 

water use for the local ecohydrological regime.  Soil water supply can be enhanced by improving 

soils to increase infiltration rate and storage capacity (Basche 2017) and by reducing evaporative 

water losses (Wang et al. 2018).  Crop water use is influenced by crop species, cultivar, relative 

maturity, planting date, stand density, and fertility (Bodner et al. 2015).  Due to the tight 

physiological coupling of transpirative water loss and CO2 uptake (Jones et al. 1986), strategies that 
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reduce crop water demand often reduce yield potential.  In temperate climates that rely on in-season 

rainfall, such as the Midwest and Northeast US, it is usually optimal to maximize canopy 

photosynthesis to ensure that all available soil water is used for plant growth (Blum 2009).  However, 

if terminal drought (i.e., drought that occurs at the end of the growing season) becomes more common 

under climate change, a shift toward water-saving tactics such as earlier seeding or shorter-season 

cultivars may be adaptive (Bodner et al. 2015). 

Given the unpredictability of seasonal precipitation, farmers will be best served by cropping 

systems with built-in drought adaptation strategies.  Survey evidence suggests that cover crops may 

fit this bill: farmers reported 10-15% higher yields in cover-cropped fields of maize (Zea mays) and 

soybean (Glycine max) in U.S. Midwest states affected by drought in 2012 (CTIC/SARE 2013).  This 

reported yield increase was larger than in other states in 2012 and in the same states in other years of 

the survey.  Advocacy organizations have also argued that cover cropping, and other soil-improving 

practices, can help reduce drought risk (NRDC 2015, Basche 2017).  However, there is little research 

evaluating these claims.  This study aims to help fill this gap by investigating the effects of cover 

crops on drought stress in the following maize crop. 

4.1.1 Cover Crop Effects on Crop Water Balance 

Cover cropping may have either negative or positive effects on crop water balance under 

drought.  The primary negative effect occurs when cover crop transpiration depletes soil water 

(Ewing et al. 1991, Campbell et al. 1984, Wortman et al. 2012).  This risk limits cover crop adoption 

in dry climates, though early termination during dry conditions can mitigate moisture losses 

(Munawar et al. 1990, Baker and Griffis 2009, Krueger et al. 2011).  High-rainfall environments 

rarely experience negative effects of cover crop transpirative water losses (Blanco-Canqui et al. 

2015). 

Cover crops and their residues can also positively affect water infiltration and storage; reduce 

surface evaporation; and enhance cash crop water access and drought tolerance.  Cover crops can 

increase infiltration and storage in the short term by slowing overland water flow and in the long term 

by increasing macroporosity, aggregation, and field capacity (Blanco-Canqui et al. 2015; Basche 

2017, Basche and DeLonge 2017).  Retaining residues as a mulch can substantially reduce 

evaporation from the soil surface (Jones et al. 1969, Frye et al. 1988, Wang et al. 2018).  Likewise, 

cover crops may reduce evaporative losses if they disrupt weed life cycles (Baraibar et al. 2018) and 
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thereby reduce the need for tillage to control weeds.  Cash crop roots have been shown to follow 

cover crop root channels into deeper soil layers, improving subsoil water access (Chen and Weil 

2010).  Cover crops that host arbuscular-mycorrhizal fungi can enhance colonization of the following 

maize (Kabir and Koide 2002), which may improve drought tolerance (Boomsma and Vyn 2008).  

With proper management, cover crops have the potential to help maximize soil water supply to crops. 

4.1.2 Water and Nitrogen Stress 

In the short term, cover crops may also affect cash crop drought physiology by influencing 

soil nitrogen (N) dynamics.  Decomposing cover crops with a carbon:nitrogen (C:N) ratio below 25 

tend to increase soil inorganic nitrogen (SIN) availability due to net mineralization of N, while cover 

crops with a high C:N ratio tend to reduce soil SIN availability due to net N immobilization (White et 

al. 2016).  Cover crop biomass C:N ratio can have profound effects on cash crop N nutrition and 

ultimately yield, especially in low-input and organic systems.  Maize yield has been shown to 

increase or decrease by over 50% following low- and high-C:N ratio cover crops, respectively 

(Finney et al. 2016, White et al. 2017).   

In drought conditions, cover crop effects on maize N status may interact strongly with water 

stress to influence plant performance (Gonzalez-Dugo et al. 2010).  Though the physiological 

processes involved are complex, both water- and N-stress ultimately impair yield formation by 

reducing radiation interception (RI) and radiation use efficiency (RUE), two critical controls on 

photosynthesis and plant growth (Stöckle and Kemanian 2009, Wolfe et al. 1988a).  Water- and N-

stress also both affect development of reproductive tissues, and therefore the harvest index (HI) (Earl 

and Davis 2003).  By contrast, intrinsic water-use efficiency is not strongly affected by plant N status 

(Jones et al. 1986). 

Both water- and N-stress directly reduce radiation capture (Bennett et al. 1989).  Plants 

experiencing either dry soil conditions or N limitation initiate feed-forward responses that 

preemptively reduce leaf cell elongation before water and N become critically limited (Lambers et al. 

2008).  This reduces the rate of leaf expansion and therefore canopy size.  Water stress can also 

reduce radiation capture by inducing leaf wilting or rolling.  Both water- and N-stress also stimulate 

root growth (Gonzalez-Dugo et al. 2010, Lambers et al. 2008), which diverts photosynthates from 

aboveground biomass, thus limiting the substrate available for canopy expansion.  Canopy area 
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limitation is then compounded as reduced radiation capture further limits photosynthate production 

(Bennett et al. 1989).  

Radiation use efficiency is also affected by both water- and N-stresses.  Deficiencies of either 

N or water can reduce leaf chlorophyll concentration, which directly reduces photosynthetic capacity 

(Huber et al. 1989, Sanchez et al. 1983, Wolfe et al. 1988b).  Water stress also reduces stomatal 

conductance as stomata close in response to both chemical signaling and low turgor pressure.  This 

minimizes transpirative water loss, but also limits carbon dioxide uptake and carbon fixation (Jones et 

al. 1986, Stone et al. 2001).   

Harvest index declines when stress retards reproductive growth processes.  Both pollination 

and kernel set can be reduced by hot and dry conditions (Hatfield et al. 2011), and drought stress may 

exacerbate the effects of high temperature by reducing transpirative cooling.  Likewise, low N status 

can limit the number, size and growth rate of maize kernels (Melchiori and Caviglia 2008, Uhart and 

Andrade 1995).  Drought and N deficiency can also reduce pollination by increasing the anthesis-

silking interval (ASI), the length of time from tasseling to silking, which reduces pollen loads 

(Connor et al. 2011, Bänziger et al. 2000).  Following flowering, grain filling may be reduced if 

photosynthates or N supplies are limited by any of the following: stomatal closure; low soil N 

availability; low radiation interception due to reduced vegetative growth or early senescence; or low 

vegetative reserves of carbohydrates or N resulting from deficiencies in early growth stages (NeSmith 

and Ritchie 1992, Tollenaar and Dwyer 1998, Connor et al. 2011).   

Analyzing HI and the size, number, and N concentration of seed yield can provide insight 

into both the timing and severity of reproductive stresses.  While any reproductive stress reduces HI, 

stress prior to and immediately following kernel set reduces the number of kernels (KN), and stress 

during later reproductive growth inhibits grain fill and reduces kernel mass (KM) and N 

concentration.  Therefore, partitioning stress effects between KN and KM can provide insight into 

stress conditions during reproductive growth.  

While direct effects of water- and N-stress on maize performance are similar, their interaction 

may be more complex.  Some have suggested that N limitation may help crops tolerate drought 

(Radin and Parker 1979) by reducing transpirative demand and stimulating root growth (Bennett et al. 

1986), though lower transpiration may also exacerbate N limitation by limiting root uptake.  By the 

same token, water stress could help avoid N limitation by stimulating root growth and reducing N 

demand.  However, field studies of interacting N- and water-stress show that N stress generally 

compounds water stress, and vice versa (Bennett et al. 1989, Markelz et al. 2011), even in terminal 

drought situations (Wolfe et al. 1988a).  Low N is only likely to improve agronomic performance 
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under drought when it results in early-season water conservation that enables survival of terminal 

drought.  In most other cases, high N supply will promote maximum yield under drought by enabling 

effective use of available water resources (Blum 2009).  

High N supply may also directly limit drought stress by enabling osmotic adjustment.  

Sufficient N nutrition promotes production of N-containing compatible solutes such as proline and 

glycine betaine, which enable osmoregulation and may help delay stomatal closure (Ashraf and 

Foolad 2007, Taiz and Zieger 2010).  In one study of field-grown maize, the higher N fertilizer rate 

resulted in lower (more negative) mid-day leaf water potential, higher turgor pressure, and higher 

stomatal conductance under water stress (Bennett et al. 1986).   

The goal of this study is to determine the short-term mechanisms by which cover crops affect 

the drought physiology of the following maize crop.  Previous studies of the interaction between N- 

and water-stress have typically been conducted with synthetic fertilizer N sources.  To the best of our 

knowledge, interactions between cover crop-driven nutrient dynamics and water availability have not 

been investigated to date.   

We tested the following hypotheses:  

 

H1:  Spring cover crop transpiration reduces soil moisture and increases maize drought stress. 

H2:  Cover crop N provisioning increases maize N status, radiation capture, and radiation use 

efficiency under drought. 

H3: High N status enables greater osmotic adjustment in response to water stress. 

H4:  Cover crop N provisioning increases maize yield, yield components, and yield stability 

under drought. 

 

4.2 Methods 

This study was conducted from 2013-2015 at the Pennsylvania State University Russell E. 

Larson Agricultural Research Center, Rock Springs, PA (40o43’N, 77o56’W).  The dominant soil 

series (comprising approximately 80% of total land area) is Murrill channery silt loam (fine-loamy, 

mixed, semiactive, mesic Typic Hapludult).  Other soil series present at the site are Hagerstown silt 

loam (fine, mixed, semiactive, mesic Typic Hapludalf) and Buchanan channery loam (fine-loamy, 

mixed, semiactive, mesic Aquic Fragiudult).  Approximately 80% of the site area has a 0-3% slope, 



78 

with 3-8% slopes in the remaining area (SSURGO 2017).  Soil texture measured in the top 20 cm is 

predominantly clay loam with variability in sand (21.4 - 27.0%), silt (39.9 - 48.1%), and clay (29.6 - 

34.3%).  Long-term (1980-2016) average annual precipitation at the site is 1,020 mm and mean 

monthly temperatures range from -3 °C (January) to 22 °C (July) (Xia et al. 2012).   

4.2.1 Experimental Design and Management 

The study was embedded in a large systems experiment (Murrell et al. 2017; Finney et al. 

2017) investigating a 3-year crop rotation under organic management.  The rotational sequence was 

maize (Zea mays L.) silage—soybean (Glycine max L.)—winter wheat (Triticum aestivum L.), which 

is typical of many Northeast U.S. organic cash grain farms.  

The field site was laid out in a randomized, full-entry complete block design with four 

replications.  Cover crop treatments were planted in 24 m x 29 m split plots within the cash crop 

strips.  Cover crops were planted following both maize silage and winter wheat.  This study focused 

on the cover crops planted after wheat and their effects on the subsequent maize crop.   

The site was transitioned to organic management in July, 2012 and received certification in 

2016.  Maize was planted in late May or early June (Master’s Choice MC4050, 82,000 seeds ha-1).  

Dairy bed pack manure from the Pennsylvania State University dairy herd was broadcast and plowed 

in along with cover crop residues prior to maize establishment.  Manure application rates were 

designed to meet the phosphorus (P) requirements of the rotation, rather than the nitrogen (N) 

requirements, creating a baseline N fertility level characterized by moderate N deficit.  Weeds were 

controlled through primary tillage and seedbed preparation prior to planting, as well as by repeated 

passes of a tine-weeder, rotary hoe, and inter-row cultivator.  Maize silage management information 

is summarized in Table 4-1.  
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  Timing of Field Operations and Sampling   

Year 

Seed 
Cover 
Crop 

Sample 
Cover Crop 

Biomass 

Apply 
Manure 

Plant 
Maize 

Install 
Rainout 
Shelters 

Harvest 
Maize 

Dry 
Manure 

Rate  

Manure Plant- 
Available N 

  Fall Spring     Mg ha-1 kg N ha-1 
2013-14 8/8 10/29 5/5 5/8 6/2 7/8 9/17 20.7 141 
2014-15 8/15 11/5 5/4 5/11 5/28 7/10 9/21-22 17.7 158 

Note: Manure plant-available N is calculated assuming 40% availability following White et al. (2017).  

4.2.2 Cover Crop Treatments 

Five cover crop treatments were selected with contrasting functional traits related to spring 

transpiration, biomass production, and N supply.  Treatments included a tilled fallow control; medium 

red clover (Trifolium pratense L.); cereal rye (Secale cereale L. cv. Aroostook); forage radish 

(Raphanus sativus L. cv. Tillage Radish); and a 3-species mixture of red clover, rye, and Austrian 

winter pea (Pisum sativum L.).  The latter treatment, known as 3SppN, was designed to both 

minimize N leaching and provide N to the following corn crop (Murrell et al. 2017).  Expected 

functional traits and target plant populations for the cover crop treatments are reported in Table 4-2.  

Seeding rates were adjusted based on annual germination tests. 

 

  Species  Functional Trait 
 No. 

Spp. 
Clover Rye Radish Pea  Spring 

Transpiration 
Biomass 

Production 
Nitrogen 
Supply Treatment —— pure live seed m-2 ——  

Fallow control 0          - - ~ 
Medium red clover  1 600     ~ ~ + 
Cereal rye  1  500    + + - 
Forage radish 1   60   - ~ ~ 
3 species nitrogen 3 300 100  30  + + ~ 

Level of functional trait expected: +, high; ~, moderate; -, low. 
 

Cover crops were established in August and terminated in May of the following year.  The 

preceding wheat stubble was chisel plowed, disked, S-tined and cultimulched.  Cover crops were 

planted with an Almaco (Nevada, IA) Cone Plot Planter mounted on a seed drill with 19 cm spacing 

Table 4-1: Management dates, manure rate, and manure plant-available N.   

Table 4-2:  Cover crop treatments, treatment abbreviations, number of species per treatment, target 
plant populations, and expected level of functional traits. 
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(Murrell et al. 2017).  Legume seed was inoculated with dry inoculant prior to seeding.  Fallow plots 

were tilled to eliminate weeds.  Cover crops were terminated by flail mowing and moldboard 

plowing.  Cover crop planting and termination dates are listed in Table 4-1.   

4.2.3 Rainout Shelters 

Modular rainout shelters were installed during maize growth to simulate drought.  Due to the 

organic management system, field operations for mechanical weed control continued until early July, 

so the shelters were installed on 7/8/14 and 7/10/15.   

A preliminary year of the study was conducted in 2013 to develop and refine methods.  

Results from this year indicated that the shelter roofs must be permanently and tightly affixed, rather 

than removable, to prevent water from pooling on them.  Data from 2013 was not used in the analysis 

due to methodological differences with the subsequent years.  

Rainout shelter frames were constructed of 1.9 cm-diameter electrical metal tube conduit that 

was joined at the corners with aluminum fittings (Shade King, Thorndale, TX) to produce a gable 

roof shape.  Shelters were covered with 6 mil poly film rated for 92% light transmission (Sun Master, 

Growers Supply, Dyersville, IA), which was secured to the shelter legs with wiggle wire (Envirotech 

Greenhouse Solutions, Richmond, CA) and plastic clips.  Pipe insulation was applied around the 

horizontal frame bars to reduce abrasion on the roof plastic.  Aluminum gutters were attached below 

the roof plastic and angled toward a downspout and flexible pipe that carried the captured 

precipitation away from the plots.  For stability, the middle leg on each side was installed over rebar 

that had been pounded vertically into the soil.  In addition, two guy wires were attached from each 

gable roof end to rebar installed outside the shelters.  Parts lists and design specifications are available 

from the authors upon request.  Fig. 4-1 shows a rainout shelter installed in the field.   
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The shelter footprint was 2.7 x 3.0 m.  Leg height was initially 1.5 m and was increased to 3.0 

m when required to accommodate maize growth.  Raising the shelters as the maize plants grew, rather 

than starting at full height, helped ensure that neighboring maize plants were present to block 

precipitation that otherwise may have blown in on the open sides of the shelter.  Shelters were 

oriented with the open ends to the north and south.  This allowed the west wall of the shelter to block 

precipitation from the prevailing wind direction (Dauer et al. 2007) and increased light penetration 

from the south.  Berms were dug around the base of the shelter to control overland water flow.  

Subsurface and capillary flow from soil adjacent to the shelters was not controlled.  One plot in each 

year was removed from the analysis due to persistent flooding that nullified the drought treatment. 

Drought plots were paired with ambient plots that generally were not manipulated, except for 

a single irrigation event on September 4, 2015 to compensate for lack of precipitation (~2.5 cm of 

water applied directly to the soil surface with buckets).  Drought and ambient plots were located in 

close proximity, usually 5-10 m apart, to minimize spatial variation in soil properties, cover crop 

performance, and maize stands (plant populations and heights).  Weeds were removed by hand to 

eliminate uncontrolled competition for water, nutrients, and light.  To avoid edge effects, all samples 

were taken within a sampling zone at the center of the plots that spanned the middle two rows of 

maize and measured 1.22 x 1.52 m. 

4.2.4 Ambient Weather and Shelter Microclimate 

Daily temperature, precipitation, and solar radiation data based on satellite observations were 

obtained from Phase 2 of the North American Land Data Assimilation System (NLDAS; Xia et al. 

Figure 4-1: Rainout shelter shortly after installation during early maize growth. 
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2012).  Growing degree days (GDD) were calculated with a base of 10 ºC and a maximum of 30 ºC.  

Seasonal insolation was calculated by summing daily values from one week after planting until 

harvest. 

Soil volumetric moisture content (θv) was measured regularly using time-domain 

reflectometry (TDR; Jackson et al. 2000) with a TDR100 (Campbell Scientific, Logan, UT) and hand-

built TDR probes equipped with three 10 cm-long stainless-steel waveguides.  TDR probes were 

tested prior to deployment and installed horizontally at 10, 20, and 40 cm depths.  Two sets of probes 

were installed in each experimental plot, in both ambient and drought conditions.  Installation holes 

were dug between the two middle rows of maize, with one located adjacent to each row, and 

waveguides were inserted toward the nearest row.  Therefore, the TDR readings represent the 

moisture content in the rooting zone on the margin of the row and inter-row areas.  TDR probes were 

installed following rainout shelter installation and readings were taken roughly every week until 

harvest (Fig. 4-2, Table 4-3).   

Total centimeters of water in the top 50 cm of soil (SW50) was estimated for each TDR 

reading by assuming that the TDR probes at 10, 20, and 40 cm depths represented soil in the depth 

ranges of 0-15cm, 15-30cm, and 30-50 cm, respectively, and summing the value for each depth 

interval.  This value was then used to estimate the cm of water extracted from the top 50 cm of soil 

over the course of the measurement period by subtracting the final value from the initial value.  This 

was only done for the drought plots, which generally exhibited monotonic declines in θv (Fig. 4-4).  

Mid-canopy air temperature was recorded every 30 minutes using iButton Thermochron 

temperature loggers (iButtonLink, Whitewater, WI).  Loggers were suspended 1 m above the ground 

in a fine mesh bag inside of an upside-down reflective plastic cup affixed to a stake, which was 

placed in a gap in a row of maize in the inner sampling zone.  Loggers were installed in the ambient 

and drought plots following rainout shelter installation in the fallow, rye, and clover treatments and 

maintained until the end of the season (2014: 7/10 to 9/9; 2015: 7/17 to 9/24).  Thirty-minute data 

was used to calculate daily mean, minimum, and maximum temperature values as well as mean 

daytime (06:00 to 20:00) and nighttime (20:00 to 06:00) temperatures.   

Predawn leaf temperature was measured on September 16, 2015, when the maize was 

beginning to senesce, using an infrared thermometer (Raytek MX 4BT-NI).  Four upper leaves per 

experimental plot were read in both the ambient and drought conditions in all cover crop treatments.   

Attenuation of photosynthetically active radiation (PAR) under the rainout shelters was 

measured at various times.  Day-long attenuation was measured on two separate days (June 22 and 

24, 2015) from 8:30 to 17:30.  A shelter was installed in low turf grass next to the field site in the 
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same orientation as used in the field.  One LICOR LI-190 Quantum Sensor (LICOR Biosciences, 

Lincoln, NE) was placed in the center of the shelter and another was placed in an unobstructed 

location adjacent to the shelter; both were leveled.  Readings were taken every 30 seconds from 9 am 

to 5:30 pm.  

Additional PAR attenuation measurements were made in two blocks on the afternoon of 

August 17, 2015, when the plastic roofs had been subject to dust deposition and UV weathering for 

over 5 weeks.  Simultaneous readings were taken with two LI-190 Quantum Sensors affixed to the 

top of steel conduit, one within and one outside each shelter.  Finally, data from measuring leaf area 

index (LAI; see method in section 4.2.6, below) on September 18, 2015 was analyzed to assess 

shelter roof effects on the fraction of beam v. diffuse radiation, since photosynthetic efficiency is 

higher with diffuse than with beam radiation (Stöckle and Kemanian 2009).  

4.2.5 Cover Crop and Soil Measurements 

Cover crop aboveground biomass was measured in the fall and spring at three sub-sampling 

locations in each large (24 x 29 m) plot.  Sub-sampling locations were randomly selected to account 

for variation in the large (24 x 29 m) plots and were not placed in a buffer zone 3m in from the edge 

of each plot.  Fall biomass was collected prior to the first killing frost in late October or November 

(Table 4-2).  All biomass taller than ~2 cm within a 0.25 m2 frame was cut, sorted to species, dried at 

60 ºC, and weighed.  Spring sub-sampling locations were located 1 m from fall locations in similar 

cover crop and weed conditions.  Spring biomass was collected in mid-May (Table 4-2) in the same 

manner as in the fall.  Since the drought and ambient subplots were sited in part based on maize 

populations, their location was not known at the time of cover crop sampling, so cover crops could 

not be sampled from the subplot locations. 

Cover crop biomass was analyzed by species for total carbon and nitrogen concentrations by 

the combustion method (Pella 1990, Horneck and Miller 1998) using an Elementar Vario Max 

(Elementar, Langenselbold, Germany).  Tissue was ground to 1 mm with a Cyclone Sample Mill 

(Udy Corporation, Fort Collins, Colorado) and submitted to the Penn State Agricultural Analytical 

Services Lab for analysis.  Total C and N in all species were summed and the latter divided by the 

former to calculate the C:N ratio.  Weeds were included in this calculation using mean C and N 

concentrations for fall or spring weed biomass.  Therefore, spring C:N ratio is the same for both the 

fallow and radish treatments, since neither contained any living cover crop biomass.   
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Spring cover crop water use was measured with the same TDR system described above.  Two 

TDR probes per cover crop treatment were installed at 20 cm depth beneath the cover crop row in 

early-to-mid April and read weekly until cover crop termination in early May.   

Soil nitrate (NO3
-) and ammonium (NH4

+) were measured every two weeks from late March 

or early April through late July, and monthly thereafter.  Six soil cores per cover crop treatment plot 

were taken to 20 cm depth, homogenized, extracted with 2M KCl, and analyzed using a microplate 

colorimetric technique for NO3
- and NH4

+ concentration as reported in Finney et al. (2016).  Total soil 

inorganic N (SIN) was calculated as the sum of N in NO3
- and NH4

+.  The area under the curve of SIN 

(SINauc) was calculated for the readings between maize planting (6/4 in both years) and the end of 

August (8/27/14 and 8/25/15).  This measure is used as an indicator of overall soil N availability 

during maize growth.  

4.2.6 Maize Ecophysiology 

Maize pre-dawn leaf xylem water potential, nitrogen status, canopy development, and 

stomatal conductance were measured regularly to document maize physiological responses to the 

cover crop and drought stress treatments.  Measurement dates are presented in Fig. 4-2 and Table 4-3.  

Root pits were dug following maize harvest in 2015 to assess rooting depth and density.  Results are 

not reported here since this measure was not replicated in time, but see Appendix.  

 

 

 

Figure 4-2: Timeline of ecophysiological measurements (θv, soil volumetric water content; YL, leaf 
xylem water potential; SPAD, SPAD meter; SIN, soil inorganic nitrogen; LAI, leaf area index; gs, 
stomatal conductance). 
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Year θv YL SPAD LAI gs Height 

2014 

7/22 8/6 7/10 7/10 7/10 7/4 
7/31 8/19 7/15 7/18 7/17 7/31 
8/5 8/29 7/24 7/25 7/18 8/5 
8/11  8/1 8/7 7/24 8/8 
8/18  8/8 8/15 8/7 8/11 
8/25  8/14 9/4 8/14  
9/3  8/26  8/26  
9/9  9/3    
9/14      

2015 

7/21 7/29 7/15 7/16 8/4 7/12 
7/29 8/14 7/20 7/20 8/14 7/20 
8/5  7/29 7/24 9/11 7/24 
8/10  8/4 7/31  7/28 
8/12  8/12 8/4  8/10 
8/21  8/17 8/13   
8/27  8/24 8/21   
9/3  9/11 8/28   
9/9   9/18   
9/20      

θv, soil volumetric water content; YL, leaf xylem water potential; SPAD, SPAD meter; LAI, 
leaf area index; gs, stomatal conductance. 
 

 

Maize water stress was assessed by measuring pre-dawn leaf xylem water potential (YL; 

MPa) using a pressure chamber (PMS Instruments, Albany, OR; Jackson et al. 2000).  Four samples 

per plot were collected before dawn by removing the distal 15 cm of the newest fully-expanded leaf.  

Later in the season, when newly expanded leaves were not available, healthy leaves at or above the 

ear leaf were chosen.  Leaves were placed in a humidified plastic bag to avoid sample desiccation and 

the bags were placed in a cooler to maintain dark and cool conditions, then transported to the lab for 

reading.  To prepare the leaves for reading, a cut was made with a razor blade along each side of the 

midrib and a clean cut was made across the end of the midrib.  The midrib was inserted into the 

pressure chamber collar and the chamber was pressurized.  The pressure (MPa) was recorded when 

xylem fluid was extruded from the cut end of the xylem.   

Maize N status was assessed by measuring leaf chlorophyll content with a SPAD meter 

(SPAD 500, Konica Minolta, Tokyo, Japan; Earl and Tollenaar 1997, Casa et al. 2015).  

Measurements began prior to shelter installation and continued weekly until harvest.  The sensor head 

was placed on a clean, intact portion of a fully-expanded upper leaf at a distance of ~20 cm from the 

leaf tip.  One leaf on each plant within the sampling area was measured and all readings were 

Table 4-3: Dates of ecophysiological measurements. 



86 

averaged.   

Maize canopy development was assessed by measuring hemispherical LAI with a Decagon 

AccuPar LP-80 ceptometer (Meter, Pullman, WA) with an Apogee QSO-S PAR Photon Flux ambient 

sensor (Apogee Instruments, Logan, UT).  The ceptometer was placed on the ground beneath the 

maize canopy, arranged diagonally to span the row and inter-row space equally, and leveled.  The 

ambient sensor was affixed to vertical metal conduit resting on the ground and extending above the 

canopy.  Three randomly-chosen locations within the inner sampling area of each subplot were 

measured three times each and all readings were averaged.  When taking readings under the rainout 

shelters, the ambient sensor was placed under the shelter as well, so that the roof plastic was 

impacting both sensors equally.  Readings were taken within 2 hours of solar noon under clear sky 

conditions. 

Leaf area index was measured weekly under full sun from mid-July through canopy closure 

in late August and once after senescence had begun in September.  These LAI readings were used to 

calculate fractional interception (FI) of total daily solar radiation (Rd) across the growing season.  

Starting and ending dates with an LAI value of zero were added to the sequence of LAI readings.  

The start date was one week after planting, representing the time of emergence, and the final date was 

October 15th, an estimated date of full senescence, had the maize not been harvested for silage.  A 

cubic polynomial was fit through the subplot-level LAI readings.  Inflection of the fitted curve below 

zero in the first two weeks was removed by extrapolating linearly from a value of 0.1 on day one of 

the time series to the fitted value for day 14.  Daily fractional interception (FId) of total solar radiation 

was calculated for each fitted LAI value using an extinction coefficient for diffuse radiation that 

integrates across the range of daily solar zenith angles (Campbell and Norman 1998; Fuchs et al. 

1976; Kemanian 2017, personal communication).  Daily radiation interception (RId) was calculated as  

 

RId = FId * Rd 

 

and season-long radiation interception (RIs) was calculated for each year as the sum of all RId 

values up until the harvest date.  Season-long radiation use efficiency (RUEs) was calculated by 

dividing total maize biomass by RIs.  

The ability of the maize plants to sustain transpiration was assessed by measuring stomatal 

conductance (gs; mmol H2O m-2 s-1) using a Decagon SC-1 Leaf Porometer.  The porometer cuvette 

was placed on a clean, undamaged area of the leaf blade that was unshaded and oriented toward the 

sun (Reicosky et al. 1975).  This reduced variation due to irradiance and angle of incidence.  At the 
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end of the growing season, some highly-stressed plots contained few healthy leaves that were not 

curled, making it difficult to find leaf blades oriented toward the sun.  In these cases, the best sun-lit, 

healthy leaf areas were chosen.  Four leaves were read per plot, two in each row.  Porometry readings 

began in mid-late July and continued periodically throughout the season.  Readings were taken on 

cloud-free days to ensure that leaves were acclimated to full-sun conditions and care was taken not to 

shade the leaves prior to measurement.  Readings were taken between 11 am and 4 pm, when 

transpirative demand and water stress are greatest.  Measurements on a block were completed within 

a single day to avoid weather confounds.  

4.2.7 Maize Height, Yield, Yield Components, and Tissue Nitrogen 

Following plot establishment and prior to shelter installation, the maize plants within the 

inner sampling area of each plot were counted and initial heights of all plants were measured.  The 

height of all plants in each plot was summed to produce a measure of total initial heights (Hts0), 

which was used in statistical models to represent initial plant population and vigor.  Height was then 

measured repeatedly on the same two representative plants per plot until tassels were mature; the 

heights of these plants were averaged to represent the whole plot.  Time of tasseling and silking was 

also recorded to calculate anthesis-silking interval (ASI).  Plants were deemed to be tasseled when the 

tassel was fully expanded, and to be silking when silks were visible.  

Maize was harvested at silage maturity (roughly 65% biomass moisture content) to align with 

the larger field experiment.  Maize plants were cut by hand 15 cm above the soil surface and the ears 

were separated with husks attached, including immature ears in axils above the main ear.  Stalks and 

leaves were weighed in the field, coarsely ground using a small brush chipper, and a sub-sample was 

collected for subsequent analysis.  Sub-samples were weighed, dried at 60 ºC, and weighed again.  

Moisture content of sub-samples was used to calculate total shoot dry matter.  Ears were weighed, 

dried at 60 ºC, and weighed again.  Husks were then removed and kernels were shelled using a 

mechanical sheller.  To determine mean kernel mass (KM), 25.0 g of kernels from each plot were 

counted.  Due to large variation in kernel development, any kernel with yellow pericarp was included 

in this analysis.  Mean kernel mass was then used to determine kernel number per ear (KN).  Harvest 

index (HI) was calculated as the ratio of kernel biomass to total biomass multiplied by 100.  

Relative drought stress effects were calculated for a range of yield factors (YF; final height, 

total biomass, kernel biomass, KM, KN, and HI) as: 
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DSrel = (YFd - YFa) / YFa 

 

where YFd is the yield factor for the drought plot and YFa is the same yield factor for the 

paired ambient plot within the same cover crop treatment. 

Maize kernels and vegetative tissue were analyzed for total nitrogen concentration by the 

combustion method (Horneck and Miller 1998) using an Elementar Vario Max (Elementar, 

Langenselbold, Germany).  Tissue was ground to 1 mm and submitted to the Penn State Agricultural 

Analytical Services Lab for analysis.  Kernels were ground with a Cyclone Sample Mill (Udy 

Corporation, Fort Collins, Colorado) and stalks and leaves were ground with a Wiley Mill (Thomas 

Scientific, Swedesboro, NJ).  

4.2.8 Statistical Analysis 

All statistical analysis was performed in R (R Core Team 2013).  Sub-samples were averaged 

by subplot prior to analysis.  Mixed-effect linear models fit to a Gaussian distribution were specified 

with the lmer function of the lme4 package (Bates et al. 2015).  The significance of individual 

predictors, including both main effects and interactions, was determined by comparing the model with 

and without that predictor using the anova function (R core team 2017; Kniss 2017).  Pairwise 

comparisons among CC treatments were evaluated with the emmeans function of the emmeans 

package (Lenth 2018) with a Tukey adjustment for multiple comparisons.  Explanatory power of 

fixed effects in mixed models was assessed with marginal R2 (R2
m) calculated with the 

r.squaredGLMM function in the MuMIn package (Bartoń 2016) following Nakagawa and Schielzeth 

(2013).  Area under the curve of SIN was calculated with the auc function in the MESS package 

(Ekstrøm 2017).  An alpha value of 0.05 was used to assess statistical significance.   

Final models were evaluated to ensure they met the assumptions of independence and 

normality of residuals and random effects (Pinheiro and Bates 2000, SSCC 2016).  Leaf water 

potential and stomatal conductance data were transformed to meet the assumption of normality 

following Box-Cox analysis using the boxcox function in the MASS package (Venables and Ripley 

2002).   

Random intercepts for year and block were included in models assessing effects across years; 

for comparisons within a single year, only a random intercept for block was included.  Comparisons 
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between years were made by including year in the model as a fixed effect, with a random intercept for 

block.  When comparing between drought (DRT) treatments, cover crop (CC) was included in the 

model if it was significant, and vice versa for comparing among CC treatments.  To compare 

treatment means across the season with repeated measures, random intercepts and slopes were 

included for each subplot to account for temporal dependence among readings.   

A yield stability analysis (Finlay and Wilkinson 1963) was performed for maize kernel yield 

to assess adaptability across multiple environments.  The drought and control treatments in each year 

were considered to be separate environments.  An environmental index (EI) was calculated for each 

environment as the mean yield of all treatments in that environment.  Years were ordered by EI and 

the slope of the regression of CC treatment mean yields against the EI was used as the indicator of 

yield stability (Tollenaar and Lee 2002).  Estimated marginal means accounting for the interaction 

between CC and EI were used to compare mean kernel yield in the stability analysis.   

The hypothesis that high maize N status enables greater osmotic adjustment was evaluated by 

testing whether the relationship between N status and gs differed by DRT.  The final SPAD meter 

reading (SPADlast) was used as the indicator of maize N status because it integrates across the 

growing season.   The mid-August value of gs was used, since this is when the drought stress was 

strongest.  A positive interaction between SPADlast and the drought treatment, indicating higher gs at 

higher SPADlast values under drought, was taken as evidence that high maize N status counteracted 

drought stress.   

The relative importance of RI, RUE, and osmotic adjustment for maize yield formation under 

drought was tested with a regression model.  Kernel biomass was modeled as a function of RIs, 

SPADlast, and gs.  Total initial heights (Hts0) was included as a covariate to account for plant 

population and early-season vigor.  Non-significant predictors were removed and the explanatory 

power (R2
m) of the fixed effects in the reduced model was evaluated.  To determine whether the 

model based on ecophysiological measures captures the DRT and CC effects, these terms and their 

interaction were tested against the reduced model. 
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4.3 Results and Discussion 

4.3.1 Cover Crops 

Aboveground biomass, C:N ratio, and winter phenology varied substantially among cover 

crops (Table 4-4; Murrell et al. 2017).  There were no differences by CC in 2013 fall biomass 

(including weeds), but the 3SppN mixture produced more biomass than the clover or rye 

monocultures in fall of 2014, largely due to substantial Austrian winter pea growth late in the season.  

The pea entirely winterkilled in 2014 and was nearly eliminated in 2015.  Red clover was highly 

suppressed in both fall and spring in the 3SppN mixture.  Radish produced substantial fall biomass 

but winterkilled and had the lowest spring biomass.  Rye produced more spring biomass than clover 

but was not different from 3SppN, which was dominated by rye in the spring.  The red clover 

monoculture overwintered well and produced substantial biomass in the spring (> 1 Mg ha-1, not 

including weeds).  Weed biomass in the fallow was negligible due to mechanical control in fall and 

spring, so this treatment was not included in the pairwise comparisons reported above.  Fallow plot 

biomass values reported by Baraibar et al. (2018) for the same experiment reflect a subplot in which 

weeds were not controlled. 

Cover crop biomass C:N ratios varied as expected according to plant family (Table 4-4).  In 

fall, the pea-dominated 3SppN and clover treatments had low C:N ratios and the radish and rye had 

moderate ratios.  In spring, clover had a very low C:N ratio; 3SppN and the weeds in the radish plots 

had a moderate ratio; and rye had a high ratio.  In spring of 2015, 3SppN biomass had a much lower 

C:N ratio than the rye monoculture despite containing similar amounts of rye biomass.   
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† Clover, medium red clover; Rye, cereal rye; Radish, forage radish; 3SppN, cereal rye, Austrian winter pea, and medium red clover. 

Table 4-4: Cover crop dry matter (kg ha-1) and C:N ratio in the fall and spring of the 2013-2014 and 2014-2015 cover crop growing seasons.  
Means within columns and years that share a letter are not significantly different at the alpha = 0.05 level with a Tukey correction for multiple 
comparisons. 

  Fall  Spring 

  Dry Matter   Dry Matter  

Year Cover 

Crop† 

Clover Rye Radish Pea Weeds Total   Clover Rye Radish Pea Weeds Total C:N 
 

————————— kg ha-1 ————————— C:N  ————————— kg ha-1 —————————  

2013-

2014 

Clover 561 
   

1400 1960 a 16.7 ab  1040    308 1350 b 11.2 a 

Rye 
 

1320 
  

450 1770 a 18.4 bc   2360   29.6 2390 c 26.8 c 

Radish 
  

1640 
 

590 2230 a 19.8 c      41.6 41.6 a 19.8 b 

3SppN 67.2 587 
 

1530 503 2690 a 14.3 a  77.3 1590  0 26.8 1700 bc 20.9 b 

2014-

2015 

Clover 614    653 1270 a 14.2 a  1370    329 1690 b 11.2 a 

Rye  1310   47.2 1360 a 21.5 c   2190   31.4 2230 b 30.9 c 

Radish 
  

1860 
 

202 2060 ab 18.5 b       243 243 a 19.8 b 

3SppN 168 930 
 

1530 84.8 2720 b 13.6 a  209 2200  113 6.56 2530 b 21.3 b 
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4.3.2 Ambient Weather Conditions in the Maize Growing Season 

Ambient weather conditions were similar to long-term averages, but there were important 

differences between the years.  Precipitation during the growing season (May to September) was 

above average and consistent in 2014 (Fig. 4-3a).  In 2015, June and early July were very wet, but 

precipitation declined in August and early September, leading to dry surface soil conditions in the 

ambient treatment.  

Average temperatures during the growing season followed long-term trends in 2014 but were 

above average throughout most of the 2015 growing season (Fig. 4-3b).  As a result, fewer growing 

degree days accumulated during the growing season in 2014 (1,160 GDD) than in 2015 (1,350 GDD).  

Seasonal insolation was also lower in 2014 than in 2015 (2,050 v. 2,330 MJ m-2, respectively).  Both 

the 2014 and 2015 growing seasons followed unusually cold winters, which contributed to poor 

overwinter survival of pea.  

4.3.3 Shelter Microclimate 

The rainout shelters reduced soil moisture content with minimal effects on canopy 

temperature and PAR irradiance.   

Soil volumetric water content (θv) across the season was lower in the drought treatment at 10, 

20, and 40 cm depths (Fig. 4-4; Table 4-5; p < 0.0001 for all depths in both years).  There were no 

differences in θv by CC at any depth in either year.  Due to the heavy precipitation in June and early 

July in 2015, soils initially held more water in the top 50 cm than in 2014 (p < 0.0001).  It is likely 

this early season moisture delayed the onset of drought stress in 2015.  

Maize grown in drought conditions extracted little water from the top 50 cm of soil during the 

growing season: the difference in SW50 between the first and last readings was only ~1 cm in 2014 

and ~2-8 cm in 2015.  This amount of water is insufficient to support the observed maize growth 

during the period the shelters were in place.  The remainder was either supplied by lateral soil 

recharge through subsurface or capillary flow, or else extracted from below 50 cm depth.  Drought 

has been shown to increase the depth of soil water extraction (Stone et al. 2001).   
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Despite this evidence that the water limitation was not absolute, the drought treatment 

reduced pre-dawn leaf water potential (YL) relative to ambient conditions.  Pre-dawn YL was lower 

under drought conditions across both years (p < 0.0001), indicating that soil water availability was 

meaningfully lower in the drought treatment.  However, YL did not differ by CC either across the 

season (p = 0.955) or at the height of the drought stress in mid-August (Fig. 4-5, Table 4-5).  This 

suggests that the cover crops did not differentially affect the degree of moisture stress experienced by 

the following maize crop.   

 

Figure 4-3: Monthly precipitation (A) and mean temperature (B) for the growing season (May to 
September) in 2014 and 2015, in comparison to monthly averages for 1980 to 2016 (horizontal black 
bars).  Data is from NLDAS (Xia et al. 2012).   
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Figure 4-4: Volumetric water content in ambient (blue) and drought (red) maize plots at 10, 20 and 
40 cm depth in 2014 and 2015.   

Figure 4-5: Pre-dawn leaf xylem water potential by cover crop, drought treatment, and year (readings 
taken on 8/19/14 and 8/14/15; mean and standard deviation). 
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Table 4-5:  Shelter microclimate measurements.  Soil volumetric water content was measured with time domain reflectometry probes 
installed horizontally at 10, 20, and 40 cm depths.  Air temperature was measured with temperature loggers suspended 1 m above 
the ground in the maize canopy.  Minimum, maximum, and mean temperatures reflect the entire 24-hour cycle.  Day and night 
temperatures are the means for 06:00 to 20:00 and 20:00 to 06:00, respectively.  Pre-dawn leaf temperature was measured with an 
infrared radiometer.  Overall means within columns and years are significantly different at the alpha = 0.05 level when they do not 
share a letter.  There were no differences by cover crop treatment for any of the measurements reported here.  There were also no 
significant differences in air temperature between the ambient and drought conditions. 
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Year Cover Crop † Ambient/

Drought 
Soil Volumetric Water Content  Air Temperature  Pre-Dawn Leaf 

Temperature 10 cm 20 cm 40 cm  Min Max Mean Day Night    
 —— cm3 H2O cm-3 soil ——  —————— °C ——————  °C 

2014 Fallow A 0.264 0.272 0.303  14.3 30.3 20.7 22.3 18.5   
D 0.175 0.202 0.232  14.5 30.1 20.9 22.5 18.6   

Clover A 0.278 0.279 0.259  
 

      
D 0.173 0.224 0.266         

Rye A 0.262 0.274 0.306  14.3 30.7 21.0 22.3 19.2   
D 0.175 0.216 0.252  14.4 30.1 20.9 22.2 19.1   

Radish A 0.294 0.298 0.309  
 

      
D 0.196 0.231 0.261         

3SppN A 0.280 0.300 0.290  
 

      
D 0.175 0.214 0.241         

Overall 
Mean 

A 0.276 a 0.285 a 0.293 a  14.3 30.5 20.8 22.3 18.8   
D 0.179 b 0.217 b 0.250 b  14.5 30.1 20.9 22.3 18.9   

2015 Fallow A 0.260 0.268 0.326  13.7 31.5 21.2 24.5 16.5  7.55 
D 0.170 0.183 0.233  13.8 31.2 21.3 24.6 16.6  8.48 

Clover A 0.255 0.266 0.290  
 

     7.53 
D 0.178 0.198 0.237        8.44 

Rye A 0.245 0.283 0.326  13.7 31.9 21.3 24.7 16.5  7.78 
D 0.178 0.196 0.248  13.7 31.2 21.3 24.7 16.6  8.53 

Radish A 0.240 0.260 0.304  
 

     7.63 
D 0.173 0.179 0.244        8.55 

3SppN A 0.256 0.271 0.314  
 

     7.66 
D 0.184 0.212 0.246        8.59 

Overall 
Mean 

A 0.251 A 0.270 A 0.311 A  13.7 31.7 21.2 24.6 16.5  7.63 B 
D 0.177 B 0.194 B 0.242 B  13.7 31.2 21.3 24.6 16.6  8.52 A 

† Fallow, no cover crop; Clover, medium red clover; Rye, cereal rye; Radish, forage radish; 3SppN, cereal rye, Austrian winter pea, and medium red clover. 
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No differences were detected by DRT in any aspect of mid-canopy air temperature, including 

daily minimum, maximum, mean, and daytime and nighttime means (Table 4-5; p > 0.05 in all cases).  

Likewise, no CC differences were detected.  This suggests that, in general, the effect of the shelters 

on the temperature environment of the droughted maize was negligible.   

Mean predawn leaf temperature at the end of the season (September 16, 2015) was 0.90 °C 

higher in the drought than in the ambient subplots (Table 4-5; p < 0.0001).  This may be due to 

reduced evaporative cooling of water-stressed plants.  It may also be due to the shelter roofs 

restricting the downward flow of cool nighttime air, but the lack of difference in mid-canopy 

nighttime temperatures suggests that air was well-mixed under the shelters.  Regardless of the cause, 

higher nighttime leaf temperatures likely increased nighttime respiration rates, reducing C 

accumulation.  There was no CC effect on predawn leaf temperature (p = 0.976).   

Rainout shelters with new roof plastic reduced PAR irradiance by an average of 11.5% and 

15.0% over the course of two separate days (6/22/15 and 6/24/15).  After two months of dust 

deposition and exposure to ultraviolet radiation, PAR was reduced by 20.3% on August 17, 2015.  

This ~20% reduction in irradiance would not result in a commensurate reduction in photosynthesis or 

growth, because maize photosynthetic response to radiation begins to saturate at ~1,000 µmol PAR 

m-2 s-1 (Leakey et al. 2006).  PAR consistently exceeded 1,000 µmol m-2 s-1 between 9:00 and 17:30 

on all measurement days, except under cloud cover, and ranged up to over 1,700 µmol m-2 s-1 in the 

shelters.  The roofs reduced the beam fraction of the incident radiation by 1.3% (p = 0.0433) on 

September 18, 2015.  The increase in photosynthetic efficiency (Stöckle and Kemanian 2009) that 

this would be expected to cause, though minor, may have partially offset the reduction in PAR levels.  

4.3.4 Cover Crop Effects on Spring Soil Water Content 

Due to consistent spring rains, cover crop transpiration did not reduce spring soil moisture at 

cover crop termination (p = .660; Fig. 4-6).  Precipitation during the spring cover crop growth 

window was ample and consistent in both 2014 and 2015.  April precipitation was 86.1 and 90.0 mm, 

respectively; the long-term average is 85.5 mm. 

Trends toward drier soil under the cover crops relative to the fallow developed during the 

measurement period, but were erased as rains sufficiently recharged the soil profile (data not shown).  

In years with an abnormally dry spring, cover crop transpiration may threaten maize water 

availability.  However, spring precipitation is fairly reliable in Pennsylvania and is predicted to 
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increase under climate change (Hayhoe et al. 2007, Wolfe et al. 2018).  Areas with less-consistent 

spring rains or and those facing drying trends may need to adaptively manage spring cover crops to 

avoid excessive transpirative losses (Blanco-Canqui et al. 2015).  

 

 

4.3.5 Cover Crop N Provisioning 

Cover crop treatments caused large differences in SINauc (p < 0.0001; Fig. 4-7).  Across both 

years of the study, SINauc was higher in clover than in rye and fallow due to N mineralized from the 

low-C:N ratio clover biomass.  These differences resulted despite all plots receiving a manure 

application at cover crop termination, reflecting the strong effects of cover crop biomass 

decomposition on SIN levels.  SINauc was higher in 2015 than 2014 (p = 0.0287), likely because 

ample spring rains in 2014 leached NO3
- from the soil profile, and high spring temperatures in 2015 

drove rapid microbial N mineralization.  

 

Figure 4-6: Soil volumetric water content just prior to cover crop termination (5/2/2014 and 
4/29/2015; 20 cm depth; mean and standard deviation). 
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4.3.6 Maize Nitrogen Status 

Cover crop effects on soil N levels drove differences in maize leaf greenness and biomass N 

concentration.   

Maize leaf SPAD meter readings indicate that rye had an early and persistent effect on leaf 

chlorophyll content (Fig. 4-8A).  SPAD readings were lower following rye than following all other 

cover crops, starting with the first reading and continuing throughout the season.  SPAD readings 

following all other cover crop treatments were equivalent.  Water stress from the drought treatment 

also reduced leaf greenness, but not until later in the season (Fig. 4-8A).  Initial SPAD readings 

showed no differences by DRT in 2014 or 2015 (p = 0.115 and 0.658, respectively).  Differences due 

to drought developed on July 24th, 2014 (p = 0.00292) and on September 11th, 2015 (p = 0.000224), 

six weeks later than in 2014.  The delayed onset of drought stress effects on SPAD readings in 2015 

is likely due to the greater soil water content upon shelter installation (Fig. 4-4).  The limitation of 

chlorophyll content due to the rye and drought treatments likely reduced radiation use efficiency 

(Huber et al. 1989).   

Figure 4-7: Soil inorganic nitrogen in nitrate (NO3
-) and ammonium (NH4

+) in the top 20 cm of soil 
under maize in 2014 and 2015.  Downward arrows indicate the dates of cover crop termination, which 
were closely followed by manure application and tillage.  Upward arrows indicate the dates of maize 
planting.   
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Figure 4-8: Maize SPAD meter reading (A), leaf area index (B), stomatal conductance (C), and height 
(D) by cover crop, drought treatment, and year.   
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The final SPAD reading (SPADlast) is used as an integrative measure of N status across the 

growing season.  The final SPAD reading differed by CC and DRT but there was no interaction (Fig. 

4-9, Table 4-5).  Rye had a stronger effect on SPADlast than the drought treatment.  The final SPAD 

reading was reduced following rye, relative to all other cover crop treatments, by 26.3% in 2014 and 

34.6% in 2015 (p = 0.00166 and 0.0020, respectively).  In contrast, drought reduced SPADlast by 

15.3% in 2014 and by 23.7% in 2015, relative to ambient conditions (p = 0.00573 and 0.00804, 

respectively).  Though there was not a significant interaction between CC and DRT (p = 0.952), rye 

caused a larger average numerical reduction in SPADlast in drought than in ambient conditions.  As 

compared to the average of all the other cover crops, in 2014 rye reduced SPADlast by 31.2% in 

drought and by 22.2% in ambient conditions, and in 2015 rye reduced SPADlast by 42.0% in drought 

and by 28.8% in ambient conditions.  This suggests that rye-induced N limitation was compounded, 

rather than offset, by the drought treatment.   

 

 

Figure 4-9: Final SPAD readings by cover crop, drought treatment, and year (sampling dates: 9/3/14 
and 9/11/15; mean and standard deviation). 
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Table 4-6: Select ecophysiological measures of maize grown following cover crops under either 
ambient conditions or in rainout shelters. Across both years, means within a column are 
significantly different at the alpha = 0.05 level when they do not share a letter.  Capital letters 
distinguish between ambient and drought conditions.  Lower-case letters distinguish among cover 
crops, with a Tukey correction for multiple comparisons. 
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Year Cover 

Crop † 
Ambient/
Shelter ‡ 

Hts0 § SPAD ¶ LAI # RIs †† RUEs ‡‡ gs §§ YL ¶¶ 
  

 cm SPAD 
reading 

m3 m-3 MJ m-2 g MJ-1 mmol 
m-2 s-1 

MPa 

2014 

Fallow A 72.8 46.7 4.12 1310 1.06 292 -0.51 
D 69.9 42.7 2.87 1170 0.886 193 -0.83 

Clover 
A 78.6 47.2 3.94 1380 0.984 300 -0.30 
D 74.9 40 3.28 1220 0.967 250 -0.87 

Rye 
A 73.2 35.1 3.46 1270 0.796 300 -0.57 
D 72.5 26.7 2.39 1050 0.743 170 -0.77 

Radish A 75.1 43.2 4 1350 1 302 -0.57 
D 72.4 36.3 2.51 1040 0.952 238 -0.84 

3SppN A 75.5 43.1 3.84 1320 1.06 340 -0.43 
D 74.2 36 2.73 1110 0.722 187 -0.78 

Overall 
Mean 

A 75.1 43.5 3.89 1330 0.991 307 -0.47 
D 72.8 36.8 2.77 1120 0.86 209 -0.82 

2015 

Fallow A 121 35.3 4.29 1770 0.947 388 -0.0083 
D 122 24.6 3.52 1660 0.877 215 -0.18 

Clover A 131 33.9 4.73 1820 0.999 480 -0.019 
D 136 28.2 3.56 1690 0.897 191 -0.27 

Rye A 125 23.6 3.81 1670 0.709 315 -0.047 
D 125 15.1 2.76 1530 0.661 176 -0.23 

Radish A 121 29.8 4.55 1770 0.883 356 -0.0063 
D 120 25.4 3.36 1600 0.842 191 -0.18 

3SppN A 142 33.8 4.39 1790 1.05 363 -0.019 
D 141 25.4 3.73 1670 0.938 189 -0.21 

Overall 
Mean 

A 128 31.1 4.36 1760 0.927 380 -0.020 
D 129 23.7 3.38 1630 0.851 191 -0.21 

2014-
2015 

CC ##         
Fallow  92.9 ab 38.4 b 3.67 b 1440 bc 0.947 b 268 a -0.42 a 
Clover  105 c 37.4 b 3.88 b 1530 c 0.962 b 305 a -0.36 a 
Rye  103 a 24.3 a 3.13 a 1410 a 0.727 a 241 a -0.36 a 
Radish  97.1 bc 33.7 b 3.61 ab 1440 ab 0.920 b 272 a -0.39 a 
3SppN  108 bc 34.6 b 3.67 b 1470 bc 0.942 b 270 a -0.35 a 

DRT ††† A 102 B 37.3 B 4.12 B 1540 B 0.960 B 344 B -0.24 B 
D 101 A 30.3 A 3.08 A 1380 A 0.856 A 200 A -0.51 A 

CC*DRT ‡‡‡ ns §§§ ns ns ns ns ns ns 
† Fallow, no cover crop; Clover, medium red clover; Rye, cereal rye; Radish, forage radish; 3SppN, cereal rye, 
Austrian winter pea, and medium red clover. 
‡ A, data from ambient plots; D, data from drought plots. 
§ Hts0, total initial heights measured on 7/4/14 and 7/12/15. 
¶ SPAD, final SPAD meter reading, measured on 9/3/2014 and 9/11/2015. 
# LAI, leaf area index, measured on 8/15/2014 and 8/13/2015. 
††RIs, seasonal solar radiation interception. 
‡‡ RUEs, seasonal solar radiation use efficiency. 
§§ gs, stomatal conductance, measured on 8/14/2014 and 8/14/2015. 
¶¶ YL, leaf xylem water potential, measured on 8/19/2014 and 8/14/2015. 
## CC, cover crop.  
††† DRT, drought treatment (ambient or drought). 
‡‡‡ CC*DRT, interaction between drought treatment and cover crop. 
§§§ ns, not significantly different at the alpha = 0.05 level with a Tukey correction for multiple comparisons. 
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Nitrogen concentration (%N) in maize vegetative tissue (stem and leaves) followed the same 

pattern of N limitation shown by SPADlast.  Vegetative %N varied by CC and DRT but there was no 

interaction (Table 4-6).  The rye treatment reduced vegetative tissue %N relative to all other cover 

crops, and the drought treatment reduced it relative to ambient conditions.  These results support the 

conclusion that both drought stress and rye-induced N limitation reduced maize N status.  

Furthermore, they suggest that the decline in chlorophyll content reported above was at least in part 

due to reduced N availability, and not simply a reflection of reduced chlorophyll stability caused by 

water stress (Sanchez et al. 1983). 

4.3.7 Radiation Capture and Use Efficiency  

Cover crop N-provisioning increased maize radiation capture under drought by supporting 

greater canopy development.  Both cover crop N-limitation and the drought treatment resulted in 

lower LAI and radiation capture, but there was no interaction between CC and DRT for LAI, RIs, or 

RUE (Table 4-6). 

 Leaf area index was lower in drought conditions by 7/18/14 and 7/24/15 (p < 0.0001 and p = 

0.000131, respectively; Fig. 4-8B).  Rye reduced LAI relative to all other cover crops.  The rye effect 

first became apparent on the same day as the drought effect in 2015, 7/24 (p = 0.0234), but 30 days 

later than the drought effect in 2014, on 8/7 (p = 0.00845).  This suggests that N stress in the rye 

treatment was stronger in 2015, likely because wetter soils and warmer temperatures increased plant 

demand for N.  

In mid-August of both years, at the peak of the growing season, DRT reduced LAI by 1.05 

units (p < 0.0001).  LAI was lower following rye than following clover, 3SppN, and fallow by a 

margin of 0.537-0.745 units, but was not different than radish (Fig. 4-10; Table 4-6).  Both N- and 

drought-induced reductions in LAI were lower than those reported in Wolfe et al. (1988a), likely due 

to more moderate stress levels.  Leaf rolling was infrequent, even during strong stress events, and 

therefore had little effect on LAI readings.  Limited leaf rolling may be due to cultivar characteristics.  
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These LAI differences, when integrated across the growing season, resulted in substantial 

differences in RIs (total seasonal radiation interception) (Fig. 4-11).  Values for RIs were lower in 

2014 than in 2015 because of both lower LAI values and lower seasonal insolation.  Drought reduced 

RIs by 15.4% in 2014 and 7.46% in 2015.  Seasonal radiation interception was also lower following 

rye than following clover, 3SppN, and fallow, but was not different than radish; clover resulted in 

higher RIs than radish.  The rye treatment reduced RIs by 6.19% relative to the average of the other 

cover crop treatments in 2014, and by 7.09% 2015.  Drought therefore had a larger effect on RIs than 

the rye treatment in 2014, but a similar effect in 2015.   

 

Figure 4-10: Hemispherical leaf area index by cover crop, drought treatment, and year (measured on 
8/15/14 and 8/13/15; mean and standard deviation). 
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Seasonal radiation use efficiency, measured as total biomass divided by RIs, was enhanced by 

cover crop N provisioning under both ambient and drought conditions (Fig. 4-12, Table 4-6).  Rye 

reduced RUEs relative to all other treatments by 19.4% in 2014 and 26.3% in 2015.  The reduction in 

RUEs following rye was substantially larger than the reduction in RIs.  Moreover, SPADlast explains 

53.1% of the variation in RUEs (R2
m) across both years.  These results reflect the direct mechanistic 

relationship between leaf chlorophyll concentration, photosynthetic capacity, and RUEs.   

In contrast, drought reduced RUEs by 13.3% in 2014 and 8.15% in 2015, which are nearly 

equivalent to the drought-induced reductions in RIs in each year.  This suggests that, at the level and 

developmental trajectory of drought imposed in this study, water stress had similar effects on leaf 

expansion and photosynthetic capacity.  Stone et al. (2001) found a similar magnitude of reduction in 

RUE and RI in sweet corn in New Zealand, though RUE was more sensitive than RI to drought stress 

in most of their drought treatments, including a terminal drought of moderate severity similar to that 

imposed here.    

Figure 4-11: Seasonal solar radiation interception by cover crop, drought treatment, and year (mean 
and standard deviation). 
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4.3.8 Osmotic Adjustment 

There is limited evidence that high maize N status may have enabled osmotic adjustment and 

thereby reduced the effect of drought stress on gs.   

Drought reduced stomatal conductance across the season in both years (p < 0.0001) but there 

was no effect of cover crop (p = 0.359; Fig. 4-8C).  Drought stress strongly affected gs in mid-August, 

causing a 41.7% drop (Fig. 4-13, Table 4-6).  Notably, in a model predicting gs in mid-August, there 

was a positive interaction between SPADlast and DRT (p = 0.0277).  This suggests that higher maize 

N status enhanced stomatal conductance under water stress (Fig. 4-14).  It is important to note that 

this relationship is driven entirely by the 2014 data.   

Figure 4-12: Maize radiation use efficiency by cover crop, drought treatment, and year (mean and 
standard deviation). 
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Figure 4-13: Mid-August leaf stomatal conductance by cover crop, drought treatment, and year 
(readings taken on 8/14/14 and 8/14/15; mean and standard deviation). 
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4.3.9 Maize Development and Yield 

Maize development and yield, as measured by height, yield, and yield components, reflects 

the interaction between drought stress and cover crop effects on soil N supply.  

Initial conditions differed by year but not by experimental treatment.  Maize population in the 

sampling area did not differ by CC or DRT (p > 0.05 for all comparisons) but was higher in 2015 than 

in 2014 (15.3 v. 13.2 plants per plot, p < 0.0001).  Initial height of the maize plants was also greater 

in 2015 than in 2014 (p < 0.0001; Table 4-6), due in part to the later sampling date in 2015 (7/12/15 

v. 7/4/14).  Given both larger populations and greater height, the composite measure of total initial 

heights (Hts0) was also higher in 2015 than in 2014 (p < 0.0001).  

Final height (Htlast) differed by both CC and DRT but there was no interaction (Table 4-7, 

Fig. 4-8D).  Maize grown following rye was significantly shorter than that following clover, 3SppN, 

and radish.  Maize was also shorter following fallow than clover.  Drought conditions reduced mean 

maize height in 2014 (p < 0.0001) but not in 2015 (p = 0.753), suggesting that drought stress was 

Figure 4-14: Relationship between final SPAD reading and stomatal conductance in mid-August by 
drought treatment and year (readings taken on 8/14/14 and 8/14/15 between 11:00 and 16:00). 
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limited during vegetative growth in 2015.  However, drought did reduce final vegetative biomass in 

2015 (p = 0.000240).  This may be due to either lower accumulation of vegetative stores or greater 

demands on these stores during grain filling.   

Across both years, ASI did not differ by DRT (p = 0.453) and there were no pairwise 

differences by CC, suggesting that the water- and N-stresses may not have been very intense by the 

beginning of reproductive growth.  However, ASI sensitivity has decreased in modern cultivars 

(Campos et al. 2006). 

As with final height, both total and kernel biomass differed by both CC and DRT but there 

was no interaction (Table 4-7).  Maize following rye produced less total and kernel biomass than that 

following all other cover crops and fallow (Fig. 4-15).  Kernel biomass was higher in 2015 than in 

2014 under both drought and well-watered conditions (p < 0.0001), likely because soil N availability, 

GDD, and insolation were all higher in 2015.  

 

 

Figure 4-15: Maize kernel biomass by cover crop, drought treatment, and year (mean and standard 
deviation).   
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Table 4-7: Height, yield and yield components of maize grown following various cover crop treatments under either ambient or imposed drought 
conditions.  Results are reported for 2014, 2015, and the two years pooled.  Across both years, means within a column are significantly different 
at the alpha = 0.05 level when they do not share a letter.  Capital letters distinguish between ambient and drought conditions.  Lower-case letters 
distinguish among cover crops, with a Tukey correction for multiple comparisons. 
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Year Cover Crop 
† 

Ambient/
Drought 

Final 
Height 

Total 
Biomass 

Kernel 
Biomass 

Kernel 
Number 

Kernel 
Mass 

Harvest 
Index 

Kernel 
Nitrogen 

Vegetative 
Nitrogen 

Total N 
  

 cm —— kg ha-1 —— No. per 
ear 

g per 
kernel 

———————— % ———————— 

2014 

Fallow A 256 13.8 6.57 477 0.189 47.6 1.13 0.925 1.04 
D 236 10.4 4.49 430 0.166 42.9 1.20 0.768 0.987 

Clover 
A 275 13.6 6.56 492 0.205 47.9 1.10 0.923 1.02 
D 254 11.7 5.12 406 0.187 43.7 1.06 0.731 0.905 

Rye 
A 242 10.1 4.46 374 0.186 44.1 1.03 0.808 0.920 
D 218 7.79 3.13 320 0.166 40.2 0.967 0.557 0.749 

Radish A 276 13.5 6.24 473 0.201 46.1 1.04 0.883 0.969 
D 241 9.85 4.18 359 0.178 42.4 1.04 0.682 0.856 

3SppN A 268 14.1 6.34 457 0.203 44.4 1.05 0.892 0.978 
D 229 8.05 3.66 376 0.169 45.0 1.07 0.690 0.891 

Overall 
Mean 

A 264 13.2 6.12 459 0.198 46.1 1.07 0.890 0.989 
D 237 9.67 4.17 381 0.174 43.0 1.07 0.692 0.884 

2015 

Fallow A 286 16.8 8.92 439 0.271 53.1 1.02 0.665 0.883 
D 282 14.6 7.38 385 0.233 50.9 1.09 0.548 0.858 

Clover A 290 18.1 9.68 441 0.266 53.3 1.05 0.603 0.879 
D 298 15.3 8.11 459 0.233 52.8 1.19 0.541 0.931 

Rye A 263 12.1 5.65 295 0.233 50.9 0.897 0.480 0.709 
D 254 10.4 4.55 293 0.200 49.0 0.940 0.414 0.683 

Radish A 286 15.7 8.07 454 0.230 51.4 0.982 0.575 0.814 
D 280 13.6 6.79 397 0.218 50.2 1.11 0.540 0.865 

3SppN A 294 18.7 9.84 456 0.271 52.4 1.02 0.614 0.860 
D 296 15.8 8.16 442 0.234 51.6 1.15 0.547 0.899 

Overall 
Mean 

A 284 16.5 8.41 416 0.253 52.2 0.995 0.583 0.826 
D 282 14.1 6.98 396 0.223 51.0 1.09 0.522 0.856 

2014-
2015 

CC ‡           
Fallow  262 ab 13.6 b 6.65 b 436 b 0.209 ab 48.2 ab 1.12 b 0.744 b 0.951 b 
Clover  279 c 14.7 b 7.37 b 450 b 0.223 b 49.4 b 1.10 b 0.699 b 0.934 b 

 Rye  246 a 10.1 a 4.54 a 317 a 0.199 a 46.0 a 0.952 a 0.558 a 0.761 a 
Radish  271 bc 13.2 b 6.32 b 421 b 0.207 ab 47.5 ab 1.04 b 0.670 b 0.876 b 
3SppN  272 bc 14.2 b 7.00 b 433 b 0.219 b 48.3 ab 1.07 b 0.686 b 0.907 b 

 DRT § A 274 B 14.8 B 7.26 B 437 B 0.225 B 49.1 B 1.03 A 0.737 B 0.908 B 
 D 259 A 11.8 A 5.57 A 389 A 0.198 A 46.9 A 1.08 B 0.610 A 0.870 A 
 CC*DRT ¶   ns # ns ns ns ns ns ns ns ns 
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† Fallow, no cover crop; Clover, medium red clover; Rye, cereal rye; Radish, forage radish; 3SppN, cereal rye, Austrian winter pea, and medium red clover. 
‡ CC, cover crop.  
§ DRT, drought treatment (ambient or drought). 
¶ CC*DRT, interaction between drought treatment and cover crop. 
# ns, not significantly different at the alpha = 0.05 level with a Tukey correction for multiple comparisons. 
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The lack of interaction between DRT and CC in models predicting total and kernel biomass 

suggests that cover crops neither ameliorated nor exacerbated drought yield loss in the following 

maize on an absolute basis.  To account for the possibility that yield loss differed by CC as a percent 

of ambient yields, relative yield loss (DSrel) between paired ambient and drought plots was assessed 

(Fig. 4-16, Table 4-8).   

The drought treatment reduced yield by ~15-30%.  Drought stress was stronger in 2014 than 

in 2015, reducing total biomass by 26.8% as compared to 14.7%, respectively (p = 0.0389), and 

reducing kernel biomass by 31.9% as compared to 17.0%, respectively (marginally significant, p = 

0.0587; Fig. 4-16).  Across both years, drought reduced kernel yield more than total biomass (23.2% 

v. 20.2%, p < 0.0001), indicating that drought stress was stronger during reproductive growth than 

during vegetative growth.  This finding is in line with past studies that imposed terminal drought on 

maize (Wolfe et al. 1988a, Stone et al. 2011).  

There were no differences in DSrel of either total or kernel biomass by CC, providing further 

evidence that cover crops did not affect maize drought yield losses.  Wolfe et al. (1988a) similarly 

found that the percent yield reduction due to drought was not substantially different between high- 

and low-N treatments.   

Year Cover 
Crop† 

Final 
Height 

Total 
Biomass 

Kernel 
Biomass 

Kernel 
Number 

Kernel 
Mass 

Harvest 
Index   

———————————— % ———————————— 

2014 

Fallow -7.39 -24.9 -32.6 -9.4 -12.4 -9.89 
Clover -7.67 -10.6 -19.2 -17.9 -8.4 -8.85 
Rye -9.76 -23.1 -30 -14.4 -10.1 -8.64 
Radish -12.6 -27.3 -33.2 -24.6 -11.6 -8.34 
3SppN -14.9 -42 -41 -18.1 -16.8 1.38 
Overall 
Mean -10.5 -25.7 -31.3 -17 -12 -6.78 

2015 

Fallow -1.56 -13.1 -17 -11.6 -13.7 -4.19 
Clover 3.19 -15.8 -16.4 3.96 -12.3 -0.952 
Rye -3.15 -14 -20.4 -0.397 -14.2 -3.55 
Radish -2.07 -13.1 -15.2 -12.3 -5.07 -2.43 
3SppN 0.699 -16.1 -17.1 -2.45 -13.6 -1.34 
Overall 
Mean -0.527 -14.5 -17.2 -4.19 -11.7 -2.34 

† Fallow, no cover crop; Clover, medium red clover; Rye, cereal rye; Radish, forage radish; 3SppN, cereal rye, 
Austrian winter pea, and medium red clover. 
‡ CC, cover crop. 
¶ ns, not significantly different at the alpha = 0.05 level with a Tukey correction for multiple comparisons. 

Table 4-8: Relative drought stress effects (DSrel) caused by rainout shelters for maize grown 
following various cover crop treatments.  Negative values indicate a reduction relative to maize 
grown under ambient conditions.  For all DSrel measures, means are not significantly different by 
cover crop at the alpha = 0.05 level with a Tukey correction for multiple comparisons. 
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The rye treatment limited maize yield more severely than the drought treatment, reducing 

total biomass by 27.4% and kernel biomass by 33.6% compared to the mean of all other cover crops.  

In contrast to the drought effect, the yield drag following rye was larger in 2015 than in 2014 (39.1% 

v. 29.7% for kernel yield).  This may be because rye-induced N deficiency was a relatively stronger 

limiting factor when drought stress was less severe and yield potential was higher.   

4.3.10 Yield Components  

Overall, differences in kernel number (KN) and mass (KM) paralleled the differences in 

kernel biomass and total biomass, with differences by DRT and CC but no interaction (Table 4-7).  

Drought reduced KN and KM in both years.  Kernel number was also lower following rye than 

following all other cover crops, and KM was lower following rye than following clover and 3SppN.   

Comparison of drought effects on KN and KM illuminates the temporal dynamics of drought 

stress.  Drought reduced KN by 16.9% in 2014 but only by 4.56% in 2015 (p < 0.0001; Table 4-8).  

These results confirm prior evidence that drought stress during early reproductive growth was 

Figure 4-16: Maize kernel yield loss due to drought by cover crop and year (mean and standard 
deviation). 
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stronger in 2014 than in 2015.  In contrast, drought reduced KM by 11.9% overall, with no difference 

between years (p = 0.900).  This does not indicate that drought stress was identical during grain 

filling in the two years.  Instead, it is likely that greater KN limitation in 2014 resulted in an 

equivalent balance of photosynthate supply and demand during grain filling across both years, despite 

stronger drought stress in 2014. 

Harvest index differed by both DRT and CC but there was no interaction (Table 4-7).  

Drought stress reduced HI from 46.1% to 43.0% in 2014 (p = 0.00187), reflecting substantial 

drought-induced declines in both KN and KM, but did not affect it in 2015 (p = 0.237).  These results 

align with those from drought studies in Florida, in which moderately-severe drought did not affect 

HI (Sinclair et al. 1990).  However, severe N- and drought-stresses have been reported to decrease HI 

to near zero (Wolfe et al. 1988a).  Across the two years, the rye treatment reduced HI relative to 

clover.  The lack of interactions between CC and DRT for KN, KM and HI suggests that drought- and 

N-stresses developed relatively independently.   

Drought-induced limitation of KN also affected source-sink dynamics for kernel N.  The rye 

treatment reduced kernel %N compared to all other treatments (Table 4-7).  There were no 

differences in %N by DRT in 2014 (p = 0.971), nor was there an interaction between CC and DRT 

across the two years.  However, the drought treatment increased kernel %N in 2015 (p < 0.0001), 

suggesting that the ambient plants built more sink capacity relative to available N than the drought 

plants.   

4.3.11 Integrative Regression Model 

The integrative model confirmed that cover crops and drought primarily affected maize yield 

through effects on radiation capture and use efficiency.  The final model included Hts0, RIs, and 

SPADlast and explained 88.7% of the variation in kernel yield (R2
m).  Adding DRT, CC, or their 

interaction to the final model did not improve it (p = 0.640, 0.156, and 0.0921, respectively).  This 

indicates that cover crop and drought effects on maize yield formation are primarily mediated by 

canopy development and N nutrition, when accounting for plant population and early-season vigor.  

These results are in line with previously published results (Wolfe et al. 1988a), despite the more 

moderate drought stress in this study.  

In contrast, gs was not a significant predictor (p = 0.963) in the final model.  This may reflect 

the nature of the drought stress applied, which was consistent and terminal, but only moderate in 
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severity.  Under severe drought conditions, osmotic adjustment may be at a premium, as it would 

delay turgor loss, cell damage, and ultimately plant death.   

4.3.12 Yield Stability  

Cover crops strongly influenced the kernel yield stability of the following maize crop across 

years and moisture conditions (Fig. 4-17).  Kernel yield following clover was among the highest 

across all environments and had a moderate slope against the EI (Table 4-9).  Fallow produced 

equivalent yield and yield stability to clover, while radish produced lower but equally stable yield.  In 

contrast, yield following rye was both lower and more stable—an undesirable condition indicating 

little upside yield potential in favorable environments.  However, diversifying the rye treatment with 

Austrian winter pea and red clover, as in the 3SppN treatment, led to very different results.  Despite 

high levels of rye biomass in 3SppN, maize grown following this mixture yielded similarly to that 

following clover in all but the lowest-yielding environments.  As a result, yield following 3SppN was 

very unstable, but overall mean yield was not different than following clover.  These results suggest 

that N supply from leguminous cover crops is generally beneficial under both drought and well-

watered conditions, though it may not always be able to overcome the yield drag from high-C:N ratio 

rye biomass.  Beneficial effects of leguminous cover crops on maize yields have been shown in a 

wide range of environments (Marcillo and Miguez 2017), but never before in a controlled drought 

study. 

 

 

 

 

 

Table 4-9: Mean maize kernel yield estimated marginal mean and stability analysis regression slope 
by cover crop treatment.  Means within columns that share a letter are not significantly different at 
the alpha = 0.05 level with a Tukey correction for multiple comparisons.   

 Maize Kernel Yield 
Estimated Marginal Mean Regression Slope 

 Mg ha-1  
Clover 7.37 a 1.10 b 
Rye 4.45 c 0.575 c 
Radish 6.32 b 0.911 bc 
3SppN 7.00 a 1.49 a 
Fallow 6.84 ab 1.04 b 
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4.4 Conclusions 

This study provides evidence that cover crops affect the drought physiology of the following 

maize crop by altering short-term nutrient dynamics.  Cover crop effects were similar in both drought 

and ambient conditions.  Maize following N-mineralizing cover crops, such as red clover, developed 

more robust canopies with higher chlorophyll content, increasing both radiation capture and 

photosynthetic capacity.  This resulted in higher and more stable maize yield across years and 

moisture conditions.  Maize growth was suppressed following N-immobilizing cover crops, such as 

cereal rye.  There was limited evidence that higher maize N status enabled physiological buffering of 

water stress through osmotic adjustment, but this effect did not help explain the final yield.  This 

suggests that physiological factors that promoted radiation capture and use efficiency across the 

season were more important for yield formation than those that enabled short-term adaptation to 

highly stressful conditions.  

Figure 4-17: Kernel yield stability analysis for the two years and drought treatments.  Environmental 
index is the mean yield of all treatments in an environment.  The order of environments across the X 
axis is 2014 drought, 2014 ambient, 2015 drought, 2015 ambient.  A slope of one indicates mean 
stability for this set of treatments, lower slope indicates greater stability, and higher slope indicates 
lower stability.  The dashed black line has a slope of one and an intercept of zero.   
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While cover crops did not affect soil water supply to the following maize crop in this study, 

either by depleting moisture in the spring or conserving moisture in the summer, cover crop N 

provisioning strongly influenced the effectiveness of maize water use (Blum 2009).  Nitrogen 

limitation following cereal rye severely compromised maize performance in both ambient and 

drought conditions.  This shows the importance of ensuring sufficient nutrient availability during 

cover crop decomposition, especially in organic systems.  Diversifying a rye cover crop with legumes 

in the 3SppN treatment enabled more effective water use in most environments, but produced 

worryingly low yield in the worst environment.  The risk of rye-induced N limitation and subsequent 

maize stress could be further reduced by modifying the mixture composition to increase the 

proportion of legume biomass (Finney et al. 2016), substituting a less-aggressive N scavenger for rye, 

terminating the cover crop earlier, applying a higher rate of manure N, or, in conventional systems, 

applying synthetic fertilizer.   

Our results suggest cover crops are unlikely to harmfully reduce spring soil moisture in the 

humid Eastern U.S., though caution is warranted in drier climes and droughty soils (Unger and Vigil 

1998).  There was no evidence that maize acclimation to nutrient stress improved tolerance of 

moisture stress, or vice versa, as has been hypothesized (Radin and Parker 1979).  Instead, the 

additive combination of the two stresses led to consistent poor performance.   

Over the long term, cover cropping and other soil-building practices have the potential to 

improve soil properties that control water and nutrient dynamics, such as aggregation and organic 

matter content.  Numerous long-term studies have shown that soil improvement can help mitigate 

crop water stress (Lotter et al. 2003, Mallory and Porter 2007, Gaudin et al. 2015).  Further research 

is needed to understand how the rapid nutrient dynamics observed in this study interact with soils 

improved through long-term use of conservation cropping systems.  Combining soil improvement 

with appropriate cover crop-based nutrient management has the potential to promote high and stable 

yields across moisture environments and thereby underpin a more resilient agriculture.   
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Chapter 5 
 

Drought-Resistant Soil: An Initial Scoping Analysis 

5.1 Introduction 

Drought is a major yield-limiting factor in rainfed agricultural systems and is projected to 

increase in frequency and severity in many regions due to climate change.  In the main cropping 

region of the United States, increased temperature and water stress are projected to reduce maize (Zea 

mays L.) yield by up to 30-40% by the end of the 21st century under a high-emissions scenario (Jin et 

al. 2017).  Volatile and diminished yields will threaten human nutritional security and may spur 

agricultural intensification efforts that lead to negative environmental outcomes, such as conversion 

of native ecosystems to agricultural use and increased nutrient losses to waterways (Hunter et al. 

2017).  To help avoid these negative impacts of climate change-driven drought, researchers and 

farmers are pursuing a variety of strategies to mitigate drought stress in crops, including traditional 

breeding, genetic modification, crop switching, and irrigation (Harrison et al. 2014, Nuccio et al. 

2018, Alauddin et al. 2014).  

Here we assess the potential for another strategy, long-term soil improvement, to mitigate 

drought yield losses.  Agricultural management strategies strongly influence surface soil hydraulic 

properties when deployed over long time-scales.  For instance, cover crops, crop rotation, perennials, 

reduced tillage, and organic amendments may increase soil organic matter (SOM), reduce bulk 

density (BD), and improve soil structure (Bronick and Lal 2005, Blanco-Canqui et al. 2015, Basche 

and Edelson 2017).  These changes, in turn, may increase soil infiltration rate (IR) and available water 

capacity (AWC), enabling soils to capture and store more water for use during precipitation deficits.  

However, the quantitative effects of changes in soil hydraulic properties on drought-related yield 

losses have not been rigorously assessed.  

Existing literature differs as to the potential for soil improvement to mitigate drought.  Farmer 

survey data (CTIC/SARE 2012) and the results of some long-term cropping system trials (Lotter et al. 

2003, Mallory and Porter 2007, Gaudin et al. 2015) suggest that soil-building practices such as cover 

crops and crop rotation reduce vulnerability to drought.  Likewise, Williams et al. (2016) found that 

increased water-holding capacity consistently reduced temporal yield variability across four U.S. 
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States.  Recent meta-analyses have found that conservation management practices increase field 

capacity (FC) by an average of 9.3%, with stronger effects for studies that lasted over 10 years, and 

may increase IR by 50% or more (Basche and DeLonge 2017, Basche 2017).  When the results of 

these meta-analyses were applied to a hydrologic model of the state of Iowa, soil improvement led to 

an increase in crop transpiration of up to 16% during drought (Basche 2017).  

However, a recent review of pedotransfer functions (PTFs) that relate soil texture and organic 

carbon content to AWC concluded that building soil carbon is unlikely to substantially increase plant-

available water storage in soils (Minasny and McBratney 2017).  Likewise, a field evaluation in the 

state of Iowa found that long-term cover cropping did not increase maize yield during a drought year, 

despite increasing AWC by over 20% (Basche et al. 2016).  As farmers consider management options 

for adapting to increasing drought stress, it is important to clarify the potential effects of soil 

improvement. 

Traditional field and modeling approaches both offer limited potential to satisfactorily 

evaluate the relationship between management-induced changes in soil hydraulic properties and crop 

drought stress.  Field evaluation is logistically difficult.  Long-term sites are needed due to the slow 

rate of change of soil hydraulic properties.  Manipulation of soil moisture availability is challenging 

in humid sites, requiring the use of rainout shelters (Chapter 2), though it can be relatively 

straightforward in arid sites equipped with irrigation (Wolfe et al. 1988, Jones et al. 1986).  Moreover, 

in field studies, management treatments that influence IR and AWC may also affect nutrient cycling, 

confounding the interpretation of yield responses to drought stress (e.g., Lotter et al. 2003, Mallory 

and Porter 2007, Gaudin et al. 2015).   

Modeling studies, in turn, are limited by the models’ ability to simulate long-term, 

management-induced changes in soil hydraulic properties.  Infiltration rate and AWC are determined 

by soil structural properties such as pore-size distribution and connectivity (Pachepsky et al. 2006).  

Modeling these properties is very challenging (Connolly 1998), as they change three-dimensionally 

and across time in response to tillage, settling, precipitation, rooting, microbial activity, and freeze-

thaw cycles.  To avoid this challenge, most infiltration modules represent the soil as a uniform porous 

matrix, though some account for macropore flow under saturated soil conditions (Lepore et al. 2009, 

Huth et al. 2012, Arrington et al. 2013).  Models typically estimate hydraulic conductivity and AWC 

with PTFs that relate soil texture and organic matter to hydraulic properties.  Despite dozens of efforts 

to establish widely-applicable PTFs, large discrepancies remain (Schaap and Leij 1998, Minasny and 

McBratney 2017), likely due to wide variability among soils in physical and biological properties and 
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management history.  As a result, it is challenging for cropping system models to account for soil 

structural changes and their effects on hydraulic properties.  

A new approach is needed to overcome the limitations of traditional field and modeling 

studies.  We have combined the strengths of each approach by parameterizing the Cycles 

agroecosystem model with field-measured soil hydraulic properties from a 49-year tillage study in 

Ohio, USA (Kumar et al. 2012a,b).  We assessed the effects of IR and AWC on maize yield under 

both historical and projected future climate conditions.  Our results will illustrate the scope for 

mitigating drought stress by improving soil hydraulic properties through management.  

5.2 Methods 

Cycles is a process-based numerical agroecosystem simulation model that shares modules 

with C-Farm (Kemanian and Stöckle 2010) and CropSyst (Stöckle et al. 2014).  The model is driven 

by daily weather data, including temperature, precipitation, solar radiation, relative humidity, and 

windspeed.  Most processes operate on a daily timestep, though water infiltration and redistribution 

occur on a sub-daily scale.  Cycles simulates crop growth above and below ground, as well as 

microbially-mediated soil carbon and nitrogen dynamics.  The soil is modeled as a stack of layers.   

Crop water uptake is simulated in Cycles based on biophysical principles.  Uptake is 

determined by plant water conductance and the difference in water potential between the soil and the 

leaves, with feedbacks that represent stomatal closure and constrain maximum transpiration rate.  

This method has been shown to more accurately represent crop water uptake from a soil profile than 

simpler methods that do not represent the water potential gradient (Camargo and Kemanian 2016).   

Crop water stress is determined as the ratio between water supply and demand, with the latter 

determined by reference evapotranspiration (ET) calculated with the Penman-Monteith equation 

(Monteith 1965).  This approach to simulating water stress has been shown to be critical for assessing 

drought and heat effects on maize yield (Lobell et al. 2013).  Higher temperatures affect crop yield by 

increasing ET demand and also shorten the growing season by increasing accumulation of growing 

degree days.  The effect of increasing atmospheric carbon dioxide concentration ([CO2]) is not 

accounted for in our simulations.  

Soil water infiltration is controlled by the Natural Resources Conservation Service (NRCS) 

runoff curve number (CN).  The CN approach was developed to estimate total runoff for a given 

amount of total rainfall in a 24-hour period (NRCS 2004).  A CN for a given land area can be 
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calculated based on NRCS methodology (Cronshey et al. 1986).  Inputs to the calculation include 

land cover, use, and management, as well as the soil’s hydrologic group and hydrologic condition.  

Given its simplicity and ease of use, the CN is widely used to partition infiltration and runoff in 

agroecosystem models (Connolly 1998; e.g. SPAW, Saxton 2008 and SWIM/APSIM, Huth et al. 

2012).  In Cycles, CN is set by the user and then adjusted automatically in response to soil saturation, 

with IR declining when the topsoil is saturated.   

Available water capacity is the difference between the field capacity (FC) and permanent 

wilting point (PWP) of the soil.  These properties are typically calculated with a PTF (Saxton and 

Rawls 2006) but can be directly input by the user, as we do here.  Soil saturated hydraulic 

conductivity (Ksat) controls redistribution and is also calculated by PTF.   

Kumar et al. (2012a,b) report water content at FC (-33 kPa), water content at PWP (-1500 

kPa), BD, and SOM concentration, and steady-state infiltration rate (qs) for soils following a 49-year 

tillage experiment (Table 5-1).  The study was conducted on a Wooster silt loam soil in northeast 

Ohio, USA.  Mean particle size distribution in the top 40 cm was 18.5% clay, 22.9% sand, and 58.5% 

silt.  Tillage treatments included conventional tillage (CT) with a moldboard plow, minimum tillage 

(MT) with a chisel plow, no tillage (NT), and an undisturbed woodlot (WL) control.  Soil cores 5.35 

cm in diameter and 6 cm in depth, as well as loose soil samples, were used to characterize 10 cm-

thick soil layers down to 40 cm.  The study included both a continuous maize (Zea mays L.) system 

and a maize-soybean (Glycine max L.) rotation.  Hydraulic properties were influenced more by tillage 

than by rotation, so the mean of the two rotations was used. 

 

Soil 
Management FC PWP AWC BD SOM qs CN Hydrologic 

Soil Group a 
Hydrologic 
Condition b 

 –––––– cm –––––– g cm-3 % mm h-1    
WL 16.4 3.05 13.4 1.28 2.62 157 71 A Good 
NT 14.7 4.42 10.2 1.41 1.79 34.7 80 B Good 
MT 12.9 4.26 8.61 1.43 1.74 18.6 83 B Poor 
CT  11.0 4.91 6.13 1.49 1.53 8.21 89 C Poor 

Abbreviations: FC, field capacity; PWP, permanent wilting point; AWC, available water capacity; BD, soil bulk 
density; SOM, soil organic matter; qs, steady-state infiltration rate; CN, curve number; WL, woodlot; NT, no 
tillage; MT, minimum till; CT, conventional till. 
a,b Hydrologic soil group and hydrologic condition are needed to calculate CN.  

 

Table 5-1:  Hydraulic properties in the top 40 cm of soils following 49 years of contrasting 
disturbance regimes. 
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Soils in Cycles were parameterized with field-measured FC, PWP, BD, and SOM down to 40 

cm.  Soil particle size distribution (percent sand, silt, and clay) and SOM below 40 cm were based on 

a pedon from the USDA Soil Characterization Database (NCSS; pedon WN-S02) that matches the 

soil series and surface soil characteristics of the field site (Kumar et al. 2012a,b).  Bulk density below 

40 cm was based on the Wooster-Riddles silt loam soil description in the Web Soil Survey (WSS 

2018).  Total soil depth was 270 cm and AWC below 40 cm was 26.6 cm.  A slope of 3.5% was used 

based on site characteristics reported by Van Doren et al. (1976).  

A CN was calculated for each tillage system following standard methodology (Cronshey et 

al. 1986).  With the Soil Survey (Soil Conservation Service 1984) as a starting point, assumptions 

were made for hydrologic soil group and hydrologic condition (Table 5-1) to approximate the range 

of infiltration rates reported by Kumar et al. (2012b).  Calculated CN ranged from 71 in the WL soil 

to 89 in the CT soil (Table 5-1).  (Note: IR increases as CN decreases.)  These calculated CN values 

were used in the main simulations.  To isolate the effects of IR and AWC, a sensitivity analysis was 

run in which soils reflecting the water-holding properties (FC, PWP, and AWC) resulting from the 

four tillage systems were tested at CN values of 70, 80, and 90.     

Effects of soil hydraulic properties on drought stress were assessed by simulating maize yield 

in both historical and projected future climate conditions.  A virtual phytometer crop of continuous 

no-till maize was grown with automatic nitrogen (N) fertilization to eliminate confounding effects of 

N stress.  In the main simulations, maize residues were retained on the soil surface.  An alternative 

scenario with residues removed was also simulated to test the effect of residues on soil moisture 

conservation and maize yield.  The model was calibrated with maize yield reported from the most 

recent years of the long-term field experiment (Kumar et al. 2012a).  Planting date varied 

automatically based on spring temperature, enabling adaptation to temperature increase, with a 

minimum planting date of Julian day 90 (March 31st in non-leap years).  Scenarios were run as a 

continuous sequence of years, but soil hydraulic properties were held constant across the simulations, 

so years are essentially independent.   

Scenarios were run over historical (1950-2005) and projected future (2006-2099) climate 

conditions using daily weather variables from the National Center for Atmospheric Research 

Community Climate System Model 4 (CCSM4; Gent et al. 2011).  Model simulations used were 

generated for the Coupled Model Intercomparison Project 5 (CMIP5; Taylor et al. 2012) and 

downscaled to 4-km resolution with the MACAv2-METDATA methodology (Abatzoglou and Brown 

2012, Abatzoglou 2013).  Future radiative forcing was from the Representative Concentration 

Pathway 8.5 high-emissions scenario (IPCC 2013).  Compared to other global climate models, 
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CCSM4 projects a relatively modest increase in temperature and a limited reduction in growing 

season precipitation (Xu et al. 2016), which suggests that projected increases in drought stress may be 

relatively conservative.  

The standardized precipitation-evapotranspiration index (SPEI; Vicente-Serrano et al. 2010) 

was used to quantify drought severity across the months of June-August.  The SPEI, which is based 

on the balance between precipitation and ET demand, has shown superior performance in identifying 

summer droughts (Vicente-Serrano et al. 2012).  Zipper et al. (2016) found that, among 3-month SPEI 

values, those for June-August were the best predictor of detrended U.S. maize yield.  While these 

authors found an even stronger relationship for 1-month July SPEI values, this is likely due to the 

heat and drought sensitivity of critical flowering and kernel development processes (Hatfield et al. 

2011), which are not explicitly represented in Cycles.  The span of months used here (June-August) 

represents the period of the growing season in which water availability has the largest effect on 

simulated biomass.  

The historical period (1950-2005) was used as the reference for calculating SPEI values, so 

moisture conditions are relative to historical conditions.  For the purposes of this analysis, SPEI 

values were mapped to the following moisture categories: severe drought, moderate drought, balance, 

moderate surplus, and extreme surplus. Moisture categories, from driest to wettest, are delimited by 

the following SPEI values: -6, -1.5, -0.5, 0.5, 1.5, 6.   

All statistical analysis was performed in R (R Core Team 2018).  Most analyses were 

performed with mixed-effect linear models with a random intercept for year specified with the lmer 

function of the lme4 package (Bates et al. 2015).  The significance of individual predictors was 

determined by comparing the model with and without that predictor using the anova function (R core 

team 2018; Kniss 2017).  A t-test was used to compare maize yield and relative yield gain between 

modeling scenarios.  The overall response of yield to SPEI values was tested with a simple linear 

model using the lm function (R core team 2018).  An alpha value of 0.05 was used to assess statistical 

significance.  Pairwise comparisons were evaluated with the emmeans function (Lenth 2018) with 

correction for multiple comparisons.  Final models were evaluated to ensure they met the assumptions 

of independence and normality of residuals and random effects (Pinheiro and Bates 2000, SSC 2016). 
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5.3 Results and Discussion 

Climate model projections from CCSM4 show a substantial increase in temperature and 

precipitation between the beginning (2000-2029) and the end of the century (2070-2099).  Mean 

annual temperature increases by 3.7 °C, from 11.0 °C to 14.7 °C, and mean annual precipitation 

increases 37 mm, from 1,080 mm to 1,043 mm.  Mean temperature increases by a similar amount 

during the April-October growing season: 3.9 °C, from 17.6 to 21.5.  However, mean precipitation 

drops during the growing season by 21 mm, from 706 mm to 685 mm, in contrast to the annual trend.   

Kumar et al. (2012a) report the mean maize grain yield across tillage treatments was 12.1 Mg 

ha-1 for 2007-2011.  Simulated mean yield for a 30-year period encompassing these years (2000-

2029) was 13.8 Mg ha-1.  This yield discrepancy is reasonable given that simulated maize yield was 

not limited by N stress, pests, or pathogens.  

Simulated maize yield declined steadily under future climate, with the rate of decline 

accelerating after mid-century (Fig. 5-1A).  Yield decline was closely related to increasing drought 

stress: SPEI values explained 70.1% of yield variability across soils (p < 0.0001; Fig. 5-1B).  Mean 

yield across all soils declined by 3 Mg ha-1, or 21.8%, from 13.8 Mg ha-1 at the beginning of the 

century (2000-2029) to 10.8 Mg ha-1 at the end of the century (2070-2099).   

This level of yield loss is commensurate with previous findings for the Midwest US when 

simulations do not account for elevated [CO2] (Bassu et al. 2014, Xu et al. 2016, Jin et al. 2017).  

Unlike in Xu et al. (2016) and Jin et al. (2017), the yield decline reported here is not driven by the 

shortening of the growing season caused by higher growing season temperature.  Instead, it is entirely 

attributable to increased water stress.  

 



134 

 

Differences among soil management treatments were primarily driven by differences in CN, 

FC, and PWP.  Soils with increased AWC and IR produced higher simulated maize yield across the 

broad range of moisture conditions simulated for 1950-2099 (Figs. 5-1A and 5-2).  Yield gain relative 

to CT was greatest under moderate drought and balanced moisture conditions.  Under moderate 

drought, soil conditioned by long-term MT increased grain yield by 4.41% (Table 5-2).  No-till soil 

increased yield by 7.97% and WL soil by 13.3% under moderate drought.  The yield benefit was 

Figure 5-1: Maize grain yield (A) and standardized precipitation-evapotranspiration index (B; SPEI) 
for historical (1950-2005) and projected future (2006-2099) climate conditions.  The simulation in A 
was run with crop residues retained.  The shaded area in B represents the 95% confidence interval. 
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generally smaller under severe drought: 3.88% in MT soil, 7.16% in NT soil, and 11.7% in WL soil.  

While increasing soil AWC and IR substantially raised maize yield under moderate to severe drought, 

improved soil hydraulic properties could not fully mitigate drought yield loss, even under the best-

case scenario of undisturbed WL soil.   

 

 

 

 

Figure 5-2: Soil management effects on maize grain yield (A) and yield relative to conventional tillage 
(B) across the range of standardized precipitation-evapotranspiration index (SPEI) values simulated 
for 1950-2099.  The simulation was run with crop residues retained.  The shaded areas in B represent 
the 95% confidence intervals, which were adjusted for multiple comparisons with a Tukey correction.   
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  Moisture Category 
Residue 

Management 
Soil 
Management 

Severe 
drought 

Moderate 
drought 

Balance Moderate 
surplus 

Extreme 
surplus 

Overall 
mean 

Retained 

Woodlot 10.1 a 
(11.7) 

13.2 a 
(13.3) 

14.5 a 
(12.3) 

15.3 a 
(7.38) 

15.2 a 
(3.89) 

13.4 a 
(11) 

No Till 9.69 b 
(7.16) 

12.6 b 
(7.97) 

13.9 b 
(8) 

15.0 a 
(5.54) 

15.2 ab 
(3.19) 

13.0 b 
(7.1) 

Minimum Till 9.40 c 
(3.88) 

12.2 c 
(4.41) 

13.5 c 
(4.85) 

14.7 b 
(3.46) 

15.0 ab 
(2.14) 

12.6 c 
(4.14) 

Conventional 
Till 9.05 d 11.7 d 12.9 d 14.3 c 14.7 b 12.2 d 

Removed 

Woodlot 8.88 A 
(9.85) 

11.3 A 
(7.69) 

13.0 A 
(8.76) 

14.8 A 
(10.3) 

15.2 A 
(6.87) 

12.2 A 
(8.92) 

No Till 8.89 A 
(9.85) 

11.4 A 
(8.29) 

13.0 A 
(8.42) 

14.7 AB 
(8.8) 

15.1 A 
(5.9) 

12.2 A 
(8.63) 

Minimum Till 8.91 A 
(10.2) 

11.4 A 
(8.73) 

12.9 A 
(7.77) 

14.5 B 
(7.27) 

15.0 A 
(4.79) 

12.1 A 
(8.25) 

Conventional 
Till 8.14 B 10.5 B 12.0 B 13.5 C 14.3 B 11.2 B 

Note: Moisture categories, from driest to wettest, are delimited by the following values of the 
standardized precipitation-evapotranspiration index: -6, -1.5, -0.5, 0.5, 1.5, 6.   

 

 

Improved IR and AWC led to greater increases in simulated maize grain yield at the end of 

the century than at the beginning (p < 0.0001).  Across all moisture categories, WL soil increased 

yield over CT soil by 12.5% in 2070-2099, but only 10.3% in 2000-2029.  Likewise, NT soil 

increased yield 8.15% at the end of the century, but only 6.65% at the beginning.  These differences 

are primarily driven by the distribution of moisture conditions, with greater incidence of moderate 

and severe drought at the end of the century, and lower incidence of moisture surplus (Fig. 5-3).  

Yield gain in absolute terms was nearly equivalent between the beginning and the end of the century, 

but percent increase rose as mean yield declined.   

 

Table 5-2: Mean maize grain yield by residue management scenario, soil management treatment, and 
moisture category for 1950-2099.  Values in parentheses represent percent differences in mean yield 
between each soil management category and conventional till.  Within each residue-management 
scenario, means within each moisture category that share a letter are not significantly different at the 
alpha = 0.05 level with a Bonferroni correction for multiple comparisons. 
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The potential for soil management to buffer drought yield losses may decline at levels of 

drought stress beyond those simulated here.  Trends suggest that the benefit of increased AWC and IR 

erodes as the SPEI value drops below -3 (Fig. 5-2B).  This is likely because soil moisture availability 

is not limited by either storage capacity or infiltration rate under severe drought, when precipitation 

events are typically both few in number and small in size.  Therefore, soil improvement may be a less 

effective drought adaptation strategy in more arid regions or under more severe climate change.   

Increases in both AWC and IR led to higher simulated maize yield.  Under moderate-to-

severe drought (SPEI < -0.5), AWC had a larger impact on yield than IR (Fig. 5-4).  Increasing AWC 

in the top 40 cm of soil from 6.13 to 13.4 cm increased mean yield by 8.52%, averaged across all 

curve numbers tested.  In contrast, decreasing the curve number from 90 to 70 only increased mean 

yield by 3.33%, averaged across all levels of AWC.  There was no interaction between AWC and IR 

(p = 0.199).   

The relative importance of AWC and IR for soil water supply is influenced by the size 

distribution of rain events.  Proportionally more water is lost to runoff as rain events increase in size, 

so IR has more influence on soil moisture availability when precipitation occurs in fewer large events.  

The size distribution of rain events during the growing season does not shift dramatically in the 

CCSM4 climate projection used here.  Recent analyses have disagreed about the magnitude and 

statistical significance of projected changes in extreme rain events in Ohio (Kunkel et al. 2013, Walsh 

et al. 2014), but extreme events are generally expected to become more common.  Therefore, 

increased IR may be more beneficial under drought than it appears in this analysis.   

 

Figure 5-3:  Percent of years in each moisture category between the beginning (2000-2029) and end 
(2070-2099) of the 21st century.   
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Retaining crop residue reduces evaporation from the soil, conserving water for crop growth 

(Jones et al. 1969, Hatfield et al. 2001).  Under moderate-to-severe drought, simulated maize yield 

was 13.0% higher in the main scenario with residue retained than in the scenario with residue 

removed (average of all four soils; p < 0.00001; Fig. 5-5).  Residue retention was also critical for 

reaping the benefit of enhanced AWC.  Holding more soil moisture in the surface layers increases the 

risk of evaporative losses, especially in the absence of residue cover and under high evaporative 

demand driven by increased temperature.  These losses offset the benefit of high AWC and may turn 

this generally-beneficial soil property into a liability. 

Figure 5-4: Sensitivity analysis of maize yield response to available water capacity (AWC) in the top 
40 cm of soil and infiltration rate (IR) as determined by the curve number (CN).  Mean yield is from 
all years from 1950-2099 in which moderate-to-severe drought occurred in June-August (values of 
the standardized precipitation-evapotranspiration index less than or equal to -0.5).  Values of AWC 
reflect the legacy of four long-term soil management regimes.  Curve numbers represent the range 
between the highest (woodlot) and lowest (conventional tillage) infiltration rates for these 
management regimes.  (Note: IR increases as CN decreases.)  The simulation was run with crop 
residues retained.    
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This effect is best illustrated when scenarios are compared at a constant infiltration rate.  

With residue removed and CN = 80, soil management legacy had no effect on maize grain yield and 

there was a trend toward lower yield in high-AWC soils under drought (Fig. 5-6).  This indicates that 

soil moisture conservation is most effective with a systems approach that simultaneously addresses all 

the major water loss pathways (runoff, drainage, and evaporation) by increasing IR, AWC, and 

surface cover.   

 

Figure 5-5: Soil management effects on maize grain yield with crop residue retained (A) and crop 
residue removed (B) across the range of standardized precipitation-evapotranspiration index values 
simulated for 1950-2099.  Best-fit lines from B are plotted in gray on A for comparison, and vice 
versa.   
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Most agronomic management systems that improve soil hydraulic properties, such as reduced 

tillage and cover cropping, also increase surface residue cover.  However, it is possible to improve IR 

and AWC in systems that rely on tillage, such as root crops (Mallory and Porter 2007) and organic 

field crops (Lotter et al. 2003, Williams et al. 2017), by incorporating manure, crop residues, and 

other organic materials.  Innovative management practices are needed to reduce surface evaporation 

and maximize the benefits of soil improvement in these systems.  Options may include narrower row 

spacing, planting into rolled cover crop residue (Wallace et al. 2017), and planting into living cover 

crops, also known as “planting green” (Le Gall and Tooker 2017).  While the latter strategy runs the 

risk of depleting soil moisture prior to crop establishment, adaptive management may enable farmers 

to conserve moisture in dry springs with early termination, while allowing the cover crop to dry down 

soil for planting in wet springs.  

Due to the slow rate of change of soil physical properties, the full yield benefits shown here 

would not accrue immediately upon adoption of soil-building practices.  However, rapid changes in 

soil structure and hydraulic properties have been reported (Folorunso et al. 1992, Gulick et al. 1994, 

Blanco-Canqui et al. 2015), so farmers could reap some water conservation benefits in under a 

decade.  Moreover, soil-building management practices such as reduced tillage, crop rotation, 

incorporation of perennials, and cover cropping are also likely to increase soil carbon and improve 

Figure 5-6: Soil management effects on maize grain yield across the range of standardized 
precipitation-evapotranspiration index (SPEI) values simulated for 1950-2099 with crop residue 
removed and equal infiltration rate for all soils (curve number = 80).   
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nutrient cycling (McDaniel et al. 2017); protect soil from extreme rainfall (Blanco-Canqui et al. 

2015); reduce waterlogging (Ernst et al. 2018); break up pest and disease cycles (Ratnadass et al. 

2012); and enhance yield stability (Lotter et al. 2003, Mallory and Porter 2007, Smith et al. 2007, 

Grover et al. 2009, Gaudin et al. 2015, Ernst et al. 2016).   

Taking a systems approach to improve soil hydraulic properties could therefore provide co-

benefits that accrue alongside increased AWC and IR, and in some cases more quickly, increasing the 

economic and environmental return on investment.  Since our analysis did not account for these 

factors, the yield increases reported here may serve as a lower estimate of the potential drought 

adaptation benefits of improved soil management.  Further research is needed to understand how 

these factors interact and to develop management strategies that optimize abiotic and biotic growing 

conditions under drought. 

Additional research is also needed to determine the benefits of soil improvement in the 

presence of elevated [CO2] and physiological heat stress, since our results only reflect increased 

drought stress.  Elevated [CO2] has been shown to substantially increase maize transpiration 

efficiency and yield under drought stress in studies conducted in the field, in growth chambers, and 

with models (Manderscheid et al. 2014, van der Kooi et al. 2016, Bassu et al. 2014, Jin et al. 2017).  

Moreover, a comparison with field data indicates that crop models likely underestimate this effect 

(Durand et al. 2016).  If elevated [CO2] greatly increases maize transpiration efficiency, drought-

induced yield losses would be mitigated and improving soil water supply would be less important for 

maintaining yield.  

On the other hand, the physiological effects of heat stress, which are not directly accounted 

for in this analysis, may drastically reduce maize yield.  In a global modeling study, Deryng et al. 

(2014) found that heat stress at anthesis was responsible for nearly half of climate-induced maize 

yield loss.  Likewise, Jin et al. (2017) found that the phenological and physiological effects of high 

temperature will be the dominant drivers of U.S. maize yield losses at the end of the century, 

especially when accounting for elevated [CO2].  Much of the effect of extreme heat on maize yield is 

due to its effects on ET demand and water stress, at least under historical climate conditions (Lobell 

et al. 2013).  However, it is likely that the temperature environment projected for the end of the 

century would exceed critical thresholds of maize heat tolerance and depress yields (Schlenker and 

Roberts 2009).  While heat stress would further decrease yields compared to our results, it may also 

increase the relative benefit of enhanced soil water supply, since transpirative cooling can mitigate 

heat-related yield loss.  
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Despite these uncertainties, our results indicate that improving soil hydraulic properties may 

help underpin agricultural production and food security under climate change.  Political and economic 

incentives for soil-building practices should be strengthened, and popular campaigns such as the “soil 

health movement” should be supported to increase adoption of these practices.  Timely and sustained 

action to enhance the ability of our soils to capture and store water may pay dividends in the warmer, 

drier, and more variable world that lies ahead.   
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Chapter 6 
 

Epilogue 

Grad school has been one of the most stimulating and enriching experiences of my life.  I 

have loved it in large part because it has given me the opportunity to think and learn about such a 

wide variety of interesting topics: how plants grow, how water moves in soil, how to inspire students 

to think critically about agroecological systems, how to shape a big-picture scientific narrative, how 

to format a legend in ggplot – the list could go on and on.  Most importantly, grad school has been 

valuable because I’ve been surrounded by smart, diligent people who are able to act on their values 

while avoiding dogma.  I have come to believe that this set of qualities is uniquely prevalent among 

scientists and practitioners who engage with the natural world, which makes me excited to continue 

working in agricultural science.  

As I wrap up this phase and think ahead to the next, I have been reflecting that the value of 

my work depends on its impact on people.  Often, agriculture and the environment are discussed with 

respect to their biophysical, environmental, and economic characteristics.  These are important, but 

they primarily matter insofar as they are relevant to people today and in the future.  Completing my 

dissertation is a good opportunity to remember that this work, while often caught up in the minutiae 

of ecophysiology or statistics, is ultimately relevant to a few basic human needs: nutritious food, 

clean water, dignified livelihoods, and beauty.  

Of course, the people affected most comprehensively by the food system are farmers 

themselves, who depend on agriculture for both sustenance and income.  Whether on a 200-cow 

Pennsylvania dairy or a 2-hectare smallholding in the developing world, farmers should be able to 

earn a living wage for honest work.  Already, farmers must balance conflicting priorities: short-term 

economic viability, long-term sustainability, uncertain land tenure, regulations, stress, family life, etc.  

In the United States, commodity crop production is a high-volume, low-margin business, which limits 

farmers’ economic flexibility.  Yet, society continues to demand more of farmers, from ever-cheaper 

food to water-quality protection, climate mitigation, and reduced chemical use.  This is a wicked 

problem crying out for creative solutions.  

Going forward, I hope to work with farmers, policymakers, and other food system actors to 

find these solutions.  At the agronomic production level, my goal is to build collaborative innovation 
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teams including farmers, other researchers, extension, and industry.  Working together, we will 

iteratively test new cropping systems and management strategies to fine-tune their productivity and 

environmental performance.  These teams will serve as a platform for engagement with broader issues 

such as market structure, supply chains, and policy.  Yes, the barriers to systemic change are 

formidable, but groups of committed and hopeful people have overcome bigger challenges in the past.  

I am confident that such collaborations can make a difference for at least some people and landscapes.  

And I am hopeful that, over the course of my career, these efforts can contribute to achieving 

nutritional security for all, a thriving environment, and a prosperous agriculture.  
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Appendix 
 

Root Pit Data 

The effects of the cover crop treatments on maize rooting density by depth was assessed with 

the root intercept method.  Root pits were dug with a backhoe following maize harvest in 2015 (10/6-

10/15).  Pits were dug between the two rows of maize in the inner sampling area.  Pits were one meter 

deep except where bedrock restricted their depth.  Pit faces were parallel to and directly below the 

maize rows.  Following excavation, the faces of the pit were scraped with a shovel to remove smeared 

areas that would reduce visibility of intersecting roots.   

 

Up to four faces were photographed in each pit (north and south wall, east and west side).  

Only clean, vertical faces directly below the maize plants were photographed; those that caved in 

were ignored.  Photographs were taken perpendicular to the face with a camera mounted a constant 

distance from a 30 cm by 30 cm metal frame.  Photographs were taken at three depths: 0-30 cm, 30-

60cm, and 60-90 cm.  The number of root intersections at each depth was counted on a computer 

screen by a single research assistant to ensure consistency.   

 

Results were analyzed with linear models using the lm function in R and are presented in 

Figure A-1.  Drought increased the number of root intersections by 35.0% in the top 30 cm (p = 

0.0103) and by 45.6% at 30-60 cm (p = 0.0947), though the effect was marginal in the latter.  Drought 

did not affect the number of root intersections at 60-90 cm (p = 0.988).  There were more root 

intersections following rye than following fallow at both 0-30 cm (26.6% increase, p = 0.0918) and 

30-60 cm (73.9% increase, p = 0.0585), though in both cases the difference is only marginally 

significant.  Clover did not lead to a different number of root intersections than the fallow treatment at 

any depth.  

 

These results indicate that both water and N limitation stimulated additional root growth, as is 

commonly seen.  However, it is unclear to what degree this enhanced root exploration would have 

improved maize water access, given that the top 40 cm of soil became very dry in the drought 

treatment.  This greater root allocation may have been beneficial early on during the drought event, 

when water was still stored in the upper layers.  However, building these additional roots diverted 
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carbon resources from aboveground growth.  Enhanced root proliferation in deeper soil layers would 

have been more likely to improve maize water relations.   

 

 

 

 

 

Figure A-1: Root intersections per square inch of vertical soil face under the maize row, by cover crop 
and drought treatment.  Root pits were dug following maize harvest in 2015 (10/6-10/15). 
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