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 Agrobiodiversity can support ecosystem services that provide ecological, economic, and 

human nutritional benefits. Most efforts to capitalize on these services have focused on 

enhancing crop species diversity in the form of polycultures. While polycultures can provide 

numerous services, they can also present logistical challenges for farmers. One relatively under-

explored form of diversification that may be more straightforward to implement is to enhance 

intraspecific crop diversity within a farm field by planting multiple varieties of the same crop 

species. Compared to different crop species, varieties of the same species are more likely to 

share agronomic traits that facilitate growing and marketing them together. While there is strong 

evidence that varietal mixtures can suppress pathogens and enhance crop yields, less is known 

about their ability to provide insect pest control services. Moreover, there is no empirical 

research on the performance of varietal mixtures across different landscape contexts, a factor 

known to influence the effectiveness of local-scale practices for pest control. Here, I investigate 

the potential for mixtures of Brassica oleracea varieties to provide profitable pest control 

services across different landscape contexts and elucidate the mechanisms underlying the effect 

of varietal mixtures on pest abundance and crop production. Chapter one provides an 

interdisciplinary synthesis of existing research on the capacity of varietal mixtures to provide 

pest control and yield services, strengthen agricultural resilience, and support human nutrition. In 

chapter two, I assess whether varietal mixtures of B. oleracea are a profitable pest management 

strategy on farms in New York State. I demonstrate the importance of accounting for landscape 

composition when implementing local-scale practices, as varietal mixtures can have both 

beneficial and detrimental effects on pest populations, depending on landscape context. This 



 

chapter also indicates that enhancing trait variation in mixtures can increase profitability, 

potentially through reduced pest pressure. Chapter three explores the mechanisms underlying the 

effects of B. oleracea mixtures on pest populations and crop production, and suggests that 

varietal identity, rather than diversity per se, drives these processes. Collectively, my work 

demonstrates the importance of measuring multiple services to thoughtfully design varietal 

mixtures that contribute to sustainable food systems and support farmer livelihoods. 
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INTRODUCTION 

A large body of research demonstrates a strong link between agrobiodiversity and the 

provisioning of numerous services, including pest suppression, crop productivity and yield 

stability (Andow 1991, Smithson and Lenné 1996, Power 2010, Letourneau et al. 2011, Iverson 

et al. 2014, Reiss and Drinkwater 2018), risk reduction and resiliency (Smithson and Lenné 

1996, Lin 2011), and human dietary diversity (Frison et al. 2006, Toledo and Burlingame 2006). 

Polycultures are a common form of agrobiodiversity that can support many of these services 

(Poveda et al. 2008, Letourneau et al. 2011, Iverson et al. 2014). However, they may not be an 

ideal management strategy for all agricultural systems. In large-scale production systems, 

implementing polycultures can impede the use of mechanized equipment, resulting in higher 

labor costs (Gliessman 1985). Polycultures are also more knowledge intensive than simplified 

systems because farmers need to be versed in the growing requirements, production risks, and 

market opportunities associated with each crop species.   

One alternative diversification strategy that may present fewer management constraints is 

to increase intraspecific crop diversity within a farm field by planting multiple varieties of the 

same crop species. Compared to different crop species, varieties of the same species are more 

likely to share agronomic characteristics that facilitate planting, harvesting, and marketing them 

together (Wolfe 1985, Wilhoit 1992). Varietal mixtures can also provide valuable ecosystem 

services; they have been shown to play an integral role in disease management programs (Zhu et 

al. 2000, Mundt 2002) and are increasingly recognized for their ability to enhance crop 

productivity (Reiss and Drinkwater 2018). However, fewer studies have evaluated the ability of 

varietal crop mixtures to support pest suppression services (Tooker and Frank 2012, Koricheva 

and Hayes 2018), and we know even less about the mechanisms that drive the effect of crop 

mixtures on arthropod communities in the field (Moreira et al. 2016). Despite growing 

recognition of landscape-level effects on local-scale management practices, little, if any, research 

has addressed the ability of varietal mixtures to support pest control services across different 

landscape contexts. Moreover, we lack empirical research on the impact of varietal mixtures on 
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production costs and farmer profits, which further constrains our ability to provide effective 

management recommendations to producers. 

My doctoral research takes an interdisciplinary approach to addressing these knowledge 

gaps by 1) reviewing the potential for varietal mixtures to simultaneously support multiple 

services, 2) evaluating how varietal crop mixtures influence arthropod pests across different 

landscape contexts and whether they can enhance farmer profitability, and 3) exploring the 

mechanisms that underpin the effect of varietal mixtures on arthropod communities. To address 

the first question, I focused on varietal mixtures of annual crops grown for human consumption, 

and for questions two and three, I selected Brassica oleracea as my study system because this 

crop species encompasses a broad range of trait diversity (Ahuja et al. 2011), enabling me to 

easily test whether intraspecific variation in particular crop traits, such as plant morphology or 

color, mediate arthropod pest populations, crop damage, and crop yield. I evaluated the effect of 

varietal mixtures on three economically important cruciferous pests—the imported cabbageworm 

(Pieris rapae), the diamondback moth (Plutella xylostella), and flea beetles (Phyllotreta spp.)—

to determine whether pests exhibited a universal response to intraspecific crop diversity or if 

responses varied across species.  

 In Chapter one, I evaluate an interdisciplinary body of literature to assess the potential 

for varietal mixtures to simultaneously support ecological, economic, and human nutrition 

services. Specifically, I explore the capacity of varietal mixtures to provide pest control and yield 

services, and discuss how these services can enhance an agricultural system’s resilience to 

fluctuations in abiotic and biotic conditions. I also document intraspecific variation in nutrient 

content present in some crop species and consider whether this diversity can meaningfully 

expand dietary diversity to support human nutrition. Throughout the review, I systematically 

highlight areas in need of further research, information that is critical to making varietal mixtures 

a widely implemented diversification strategy. By linking typically disparate disciplinary 

approaches, I aim to advance our understanding of how to design multifunctional, resilient 

agroecosystems that improve food security and support livelihoods.   
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To understand the real-world impact of varietal mixtures on pest populations and farmer 

profits, I conducted a landscape-scale observational study on small-holder farms spread across 

the Finger Lakes Region of NY State. This work is described in Chapter two.  I selected varietal 

mixtures that varied across two metrics of intraspecific crop diversity—varietal richness and 

number of plant colors (color richness). I evaluated the effect of varietal and color richness on 

crop damage, and the incidence and abundance of two pests, P. rapae and Phyllotreta spp. I 

assessed the context-dependency of these effects by sampling early and late season plantings of 

B. oleracea crops on farms spread across a gradient of landscape composition. To evaluate the 

economic impact of varietal mixtures, I created crop budgets for each plot to track input and 

labor costs, crop revenue, and farmer profits. I found context-dependent effects of varietal 

mixtures that varied across pest species. In early season plantings, increased varietal richness 

reduced Phyllotreta spp. incidence in simple landscapes, but the opposite trend emerged in 

complex landscapes. In contrast, the incidence and abundance of P. rapae larvae in late season 

plantings was negatively correlated with varietal and color richness, but only in complex 

landscapes. Using a net present value analysis, I found color richness was positively correlated 

with profits, likely due to increased revenue and a slight reduction in labor and input costs. These 

findings indicate that varietal mixtures can have significant impacts on pest populations, which 

are mediated at least partially by intraspecific variation in crop color. Moreover, this study 

demonstrated that varietal mixtures are a logistically feasible form of diversification that can 

enhance profitability. However, the effectiveness of varietal mixtures varied across landscape 

contexts and by pest species, suggesting mixtures must be designed and implemented 

thoughtfully to support pest suppression services.  

In Chapter three, I home in on the mechanisms underpinning the relationships between 

varietal mixtures and pest abundance I observed in the landscape-scale observational study. 

Relatively little is known about the mechanisms driving the effects of varietal mixtures on pest 

abundance and crop production (Hughes et al. 2008, Moreira et al. 2016). However, hypotheses 

generated from species-level research on ecosystem processes provide a useful framework that 
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could be applied to research on varietal mixtures. This body of work suggests that biodiversity 

effects may be driven by multiple mechanisms related to either diversity per se (e.g., species 

richness) or the presence of a particular species. I apply this framework to varietal mixtures of B. 

oleracea to test two hypotheses: 1) varietal richness (e.g., diversity) drives the effect of mixtures 

on pest abundance and crop production, and 2) varietal identity drives the effect of mixtures on 

pest abundance and crop production. I leveraged the broad trait variation in B. oleracea varieties 

to test these hypotheses across two crop traits that are known to influence cruciferous herbivores, 

plant morphology and color. Specifically, I designed two common garden experiments to 

evaluate how mixtures of B. oleracea varieties that vary in morphology and color affect the 

abundance of two cruciferous pests (P. rapae and P. xylostella), crop damage, and yield. Across 

both insect pest species and both crop traits, I show that varietal identity, rather than varietal 

richness, mediates pest abundance and crop damage. These results suggest that pest management 

strategies that target influential varieties will be more effective than those focused on 

maximizing diversity per se.  

Taken together, my dissertation research demonstrates that varietal mixtures are a viable 

on-farm diversification strategy that can simultaneously support ecological, economic, and 

nutritional services in certain contexts. However, accounting for landscape context and 

intentionally designing mixtures to incorporate certain varieties is critical for generating these 

services. While varietal mixtures are not a silver bullet solution for food security, they provide 

growers with another diversification option that can reduce logistical constraints associated with 

other forms of diversification. The research presented in the following chapters outlines 

remaining knowledge gaps and provides suggestions for future avenues of research that will 

enhance the implementation of varietal mixtures and further elucidate their capacity to support 

multiple services.  
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CHAPTER ONE 

CROP VARIETAL MIXTURES AS A STRATEGY TO SUPPORT ECOLOGICAL, 

ECONOMIC, AND NUTRITIONAL SERVICES 

Lauren D. Snyder, Miguel I. Gómez, and Alison G. Power 

Abstract 

Most on-farm diversification strategies to enhance ecosystem services, such as pest 

control and yield, have focused on expanding crop species diversity. While polycultures often 

provide valuable services, logistical constraints with planting and harvesting can hamper 

implementation on large scales. One underexplored diversification alternative is to increase 

within-field intraspecific crop diversity through the use of crop varietal mixtures. In this review, 

we evaluate an interdisciplinary body of research to determine the potential for varietal mixtures 

of annual food crops to support food security by providing ecological, economic, and nutritional 

services. Previous literature synthesized the link between varietal mixtures and pest suppression 

and yield services. Here, we offer a new contribution by considering hypotheses generated from 

species-level research and assessing whether they also provide a useful framework for varietal 

mixtures. In addition, we evaluate the potential for varietal mixtures to increase farm resilience 

and growers’ profits. While there is a growing effort to quantify the economic value of 

ecosystem services provided by agrobiodiversity in terms of enhanced yield or revenue, much 

less attention has been given to quantifying the production costs associated with diversification 

schemes. Consequently, we know little about the effect of diversification practices on farm 

profitability, the metric of ultimate importance to farmers. We address this issue by evaluating 

the ability of varietal mixtures to reduce production costs commonly associated with other types 

of agrobiodiversity and outline areas for future research to better understand the profit 

implications of varietal mixtures. Further, we review evidence that varieties of some crop species 

differ in phytochemical content—a functional trait important for pest suppression and human 

dietary diversity—suggesting that varietal mixtures could be designed to simultaneously support 

pest control and human nutrition services. Given that little research has explicitly addressed the 
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capacity for varietal mixtures to support human nutrition, we outline predictions for where we 

would expect to see the greatest nutritional impact of mixtures (e.g., primarily subsistence versus 

commercial agriculture systems), providing a foundation for future human nutrition research. 

Taken together, our review suggests that varietal mixtures are a promising and logistically 

feasible strategy that could simultaneously support multiple services.  

 

1. Introduction 

A large body of literature indicates agrobiodiversity can improve food security by 

sustaining a broad range of ecosystem services, such as arthropod pest suppression and crop 

productivity, which in turn provide economic and nutritional benefits to humans (Bianchi et al., 

2006; Letourneau et al., 2011; Power, 2010; Tscharntke et al., 2012; Fig. 1). While 

agrobiodiversity encompasses multiple levels of diversity, ranging from landscape diversity to 

intraspecific crop diversity (diversity within a crop species), most efforts to capitalize on the 

ecological, economic, and nutritional aspects of agricultural systems through diversification have 

focused on enhancing crop species diversity. For example, push-pull agroecosystems in Sub-

Saharan Africa manipulate crop species diversity by intercropping maize, an important staple 

food crop, with desmodium (Desmodium uncinatum) and Napier grass (Pennisetum purpureum) 

to enhance arthropod pest control services and crop productivity, resulting in improved human 

nutrition and economic returns (Khan et al., 2008). While in many instances polycultures are a 

successful practice (Letourneau et al., 2011; Poveda et al., 2008), they can pose logistical 

challenges for growers (Fig. 1). For instance, polycultures are often not compatible with 

mechanized agricultural equipment, and they require more agronomic knowledge because crop 

species differ in their planting times, management and equipment needs, and marketability 

(Gliessman, 1985). Therefore, additional approaches to agricultural diversification could offer 

benefits to growers.  

One relatively underexplored diversification strategy is to increase intraspecific crop 

diversity within a farm field by planting multiple varieties of the same crop species. Varietal 
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mixtures have been used quite extensively in disease control programs (Mundt, 2002), yet less 

consideration has been given to their ability to suppress arthropod pests (Tooker and Frank, 

2012), and to provide the economic and nutritional benefits that can be associated with 

polycultures. Although much remains to be explored, a growing number of studies indicate that 

varietal mixtures can support arthropod pest suppression (Koricheva and Hayes, 2018; Tooker 

and Frank, 2012) and even more studies have demonstrated the beneficial impact of varietal 

mixtures on crop productivity and yield stability (Finckh et al., 2000; Reiss and Drinkwater, 

2018; Smithson and Lenné, 1996). While, to the best of our knowledge, there have been no 

empirical economic analyses assessing the effect of varietal mixtures on farmer profits, we 

review several lines of evidence indicating varietal mixtures may improve agroecosystem 

resilience by helping buffer crop production from external shocks, and reducing some of the 

management complications and labor requirements associated with polycultures (Lin, 2011; 

Wilhoit, 1992). Furthermore, the potential for varietal mixtures to provide human nutritional 

services has yet to be rigorously explored. However, varieties of many crop species differ in their 

phytochemical content (Grusak and DellaPenna, 1999; Toledo and Burlingame, 2006), 

compounds important for plant defense as well as for human nutrition, which suggests that 

varietal mixtures could be designed to simultaneously support arthropod pest suppression and 

enhance human dietary diversity. 

Here, we integrate perspectives from ecology, economics, and nutrition to evaluate the 

potential of varietal mixtures to serve as a practical, intermediate diversification strategy to 

simultaneously support several important ecosystem services in agroecosystems (Fig. 1). 

Although many ecosystem services contribute to food security, such as soil health, pollination 

(e.g. Gallai et al., 2009; Garibaldi et al., 2011; Klein et al., 2007), and disease control (e.g., 

Mundt, 2002; Power, 1991; Zhu et al., 2000), we limit the scope of this review to arthropod pest 

suppression and yield services. While we recognize the potential for varietal mixtures to improve 

ecosystem services in many cropping systems, such as perennial cropping systems or 

agroforestry, we focus this review on annual crops grown for human consumption, as these are 
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the systems in which most of the research on varietal mixtures has been conducted. We build on 

previous research exploring impacts of intraspecific crop diversity on yield and pest suppression 

(Koricheva and Hayes, 2018; Reiss and Drinkwater, 2018; Tooker and Frank, 2012), and expand 

to include economic and human nutrition dimensions of food systems. We map out areas for 

future research by highlighting knowledge gaps in our understanding of how varietal mixtures 

influence agroecosystem services that generate economic and nutritional benefits vital to food 

security.  

 

2. Consequences of conventional agricultural intensification 

Planting fields with one high-yielding crop variety has become the prevailing solution for 

providing food to a growing human population (Pingali, 2012). Yet, this practice has eroded 

valuable genetic resources that are foundational to creating resilient agroecosystems and has 

resulted in large areas of land dedicated to a relatively small number of crop species (Altieri, 

1999; Karp et al., 2012). The lack of genetic diversity in monocultures often translates into 

enhanced vulnerability to abiotic and biotic stressors. Consequently, important ecosystem 

processes, such as nutrient cycling or pest regulation, are not self-sustaining (Altieri, 1999; 

Thrupp, 2000; Fig. 1). For instance, there are multiple examples from natural and agricultural 

systems demonstrating that reduced plant genetic diversity can aggravate pest problems over 

time (Belloti et al., 2012; Gallun, 1977; Peacock and Herrick, 2000; Pring and Lonsdale, 1989). 

To overcome these production challenges, conventional agriculture systems rely on repeated 

applications of external inputs, such as synthetic pesticides and fertilizers (Altieri, 1999). 

Although input-intensive agriculture can substantially increase yields in the short term, it also 

results in increased production costs and negative environmental externalities that are often 

under-valued (Tilman et al., 2002; Tscharntke et al., 2012a). For instance, widespread reliance 

on pesticides in industrial practices has resulted in an unsustainable cycle of pesticide-resistance 

in insects and increased pesticide application, with environmental and human health 

consequences including water pollution, habitat degradation, reduction in natural enemy 
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populations, and chronic human health problems (Altieri, 1999; Dutcher, 2007; Geiger et al., 

2010; Gibbs et al., 2009; Meehan et al., 2011; Tilman et al., 2002). For smallholder farmers in 

the developing world, reliance on synthetic fertilizers and pesticides is often impractical due to a 

lack of resources (Gurr et al., 2004). Therefore, exploring alternative agricultural management 

strategies that support multiple services is critical to creating self-sustaining, resilient food 

systems. 

Moreover, the robustness of agricultural systems has historically been assessed based on 

crop yield, economic output, and cost-benefit ratios (McIntyre et al., 2009). However, it is 

increasingly recognized that these metrics fail to consider the diversity of nutrients provided by 

the agricultural system (DeFries et al., 2015), which is problematic as humans must consistently 

consume a wide range of nutrients (Graham et al., 2007). Today, a large percentage of the human 

population receives more than half of their calories and plant-based protein from just three 

crops—rice, wheat, and maize (Thrupp, 2000). Although yields have increased significantly 

(FAO, 2015), the associated reduction in crop diversity has resulted in human diet simplification, 

which is correlated with negative nutritional outcomes, such as micronutrient deficiencies, 

malnutrition, and obesity (Frison et al., 2006; Johns and Eyzaguirre, 2006; Fig. 1). Given the 

importance of micronutrients in supporting human health, it is vital that agriculture and nutrition 

interventions evaluate not only the yield capacity of agroecosystems, but their nutrient diversity 

as well (R. DeFries et al., 2015; Frison et al., 2006; Remans et al., 2011).  

 

3. Evaluating the capacity of varietal mixtures to support ecosystem services 

While much of the empirical and theoretical work on how biodiversity modulates 

agroecosystem functioning has targeted crop species diversity (Letourneau et al., 2011; Poveda 

et al., 2008), much less attention has been given to the role of varietal mixtures in agroecosystem 

processes, especially in terms of pest control (Tooker and Frank, 2012). Here, we use ecological 

theory on species mixtures as a framework to consider the potential yield and pest suppression 

benefits provided by varietal mixtures.   
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3.1.  Varietal mixtures and productivity 

Increased plant species diversity has been shown to enhance productivity through several 

mechanisms, including the selection effect, niche complementarity, and the microbial-mediated 

resources hypothesis (Hooper et al., 2005; Letourneau et al., 2011; Loreau and Hector, 2001; 

Reynolds et al., 2003). For instance, increasing the number of species in a plot translates into a 

higher probability of incorporating a very productive species (i.e., the sampling or selection 

effect) (Huston, 1997; Loreau and Hector, 2001).  It is well established that cultivars vary in 

terms of productivity; therefore, the selection effect could be highly applicable to the relationship 

between varietal mixtures and productivity (Barot et al., 2017).  

Polycultures are also expected to achieve high productivity through niche 

complementarity, where the species mixture is better able to exploit limited resources via 

resource partitioning or facilitation (Loreau, 2000; Loreau and Hector, 2001; Tilman et al., 

1997). For example, different plant species may access nitrogen at different times during the 

growing season or from different regions of the soil, thereby reducing competitive interactions 

(Harrison et al., 2008). Although the variation in resource utilization among varieties of the same 

species would not be expected to be as pronounced as it is between species, cultivars of the same 

species can vary in their nutrient requirements or adaptations for accessing resources (Cowger 

and Weisz, 2008; Mundt, 2002; Ninkovic, 2003; Sarandon and Sarandon, 1995). For example, 

there is evidence that root depth and nutrient absorption efficiency differ among wheat cultivars 

(Lupton et al., 1974). A meta-analysis evaluating the effect of cultivar mixtures on crop yield 

identified facilitation as one possible mechanism underlying the increased yield stability 

observed in mixtures compared to monocultures (Reiss and Drinkwater, 2018). In addition, 

recent work has demonstrated that increased resource complementarity in plants can be selected 

for over time by growing plants in high diversity conditions, promoting niche differentiation that 

can enhance productivity (Zuppinger-Dingley et al., 2014). Thus, crop productivity in mixtures 

could be strengthened by incorporating varieties that have been intentionally selected in high 

diversity plantings (Zuppinger-Dingley et al., 2014). Moreover, the microbial-mediated 
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resources hypothesis proposes that species-specific soil microbes can further facilitate a plant's 

ability to differentially access limited resources (Reynolds et al., 2003). Research on microbial 

interactions across three cultivars of potatoes revealed cultivar-specific endophytic bacteria, soil 

microbes known to promote plant growth and health through beneficial metabolic interactions 

(Sessitsch et al., 2002). These findings suggest that niche complementarity and the microbial-

mediated resources hypothesis could be relevant to varietal mixtures, at least in some systems.  

However, several studies indicate that to achieve yield benefits mixtures must be 

designed thoughtfully; it is not varietal diversity per se that supports enhanced yields, but rather 

the functional components that are included in the mixtures and the ratio at which they are 

combined. For example, wheat mixtures have been shown to produce significantly higher grain 

protein content without sacrificing yield under low input conditions (Sarandon and Sarandon, 

1995). However, this effect was dependent on nitrogen availability and the proportion of the 

mixture components. Other research has found grain yield and protein content in wheat mixtures 

to be highly correlated with the average of the cultivar components, which suggests mixture 

performance depends on the selection of cultivars (Gallandt et al., 2001). In addition, there is 

evidence that mixture efficiency is enhanced by mixture complexity; fields trials show that 

mixtures with three or more components tend to produce higher yields than mixtures with only 

two (Mille et al., 2006; Newton et al., 1997).  

 

3.2. Varietal mixtures and arthropod pest suppression 

In addition to enhancing crop productivity, there are a number of hypotheses derived 

from polyculture research predicting that increased plant diversity will support pest control 

services (Andow, 1991; Barbosa et al., 2009; Letourneau et al., 2011; Poveda et al., 2008; Root, 

1973; Tahvanainen and Root, 1972; Thies et al., 2003). The resource concentration hypothesis 

posits that increased plant species diversity can directly suppress herbivore populations, 

particularly those that specialize on one plant species, by making it harder for herbivores to 

locate the appropriate host plant (Tahvanainen and Root, 1972). In contrast, monocultures 
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provide homogenous, concentrated resources that make it easier for specialist herbivores to 

locate a suitable host plant. For varietal mixtures to provide bottom-up control of herbivores they 

must be designed intentionally, using varieties that differ meaningfully in their defenses against 

herbivores. There are multiple examples of intraspecific variation in herbivore defenses that 

could be leveraged in the design of varietal mixtures, which we discuss in more detail below.  

The natural enemies hypothesis suggests that increasing plant species diversity can also 

have negative, top-down effects on arthropod herbivores by increasing populations of natural 

enemies that benefit from an increase in different food sources, microhabitats, or chemical 

attractants (Haddad et al., 2009; Root, 1973). In addition, having “the right neighbor” can 

enhance both bottom-up and top-down control of herbivores, referred to as associational 

resistance (Barbosa et al., 2009; Tahvanainen and Root, 1972). The phenotypic diversity 

associated with increased intraspecific crop diversity in some crop species could enhance 

associational resistance by reducing herbivore detection of preferred varieties and by providing 

alternative resources or attractants for natural enemies. A recent study documented significantly 

lower aphid populations in barley mixtures compared to barley monocultures mediated by plant-

plant volatile interactions (Dahlin et al., 2018). On the other hand, there is evidence that 

enhanced morphological diversity can inhibit top-down pest control by affecting the search 

pattern of natural enemies or by providing shelter to pests from predators (Peterson et al., 2016). 

Therefore, we may expect varietal mixtures characterized by high variation in morphological 

traits to receive less top-down pest control than mixtures with varieties that are relatively similar 

in structure. 

Varietal mixtures have been used successfully in agricultural disease management 

programs for decades, often by including varieties that vary in their resistance to a pathogen. 

Varieties of the same crop species can also differ in their resistance to arthropod pests, which 

suggests a similar method could be used to provide pest control services. For instance, in 

response to herbivory by the Western corn rootworm (Diabrotica virgifera) most European lines 

of maize release a sesquiterpene, (E)-β-caryophyllene, which attracts an entomopathogenic 
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nematode that acts as a biological control agent of corn rootworm (Rasmann et al., 2005). 

However, most North American lines of maize are unable to induce this chemical distress signal 

in response to herbivory (Rasmann et al., 2005). Some plant-arthropod interactions even occur 

on a gene-for-gene basis, similar to many plant-pathogen systems. For instance, the Mi-1 gene in 

tomatoes has been found to confer resistance to some populations of Macrosiphum euphorbiae 

(potato aphid) and Bemisia tabaci (silverleaf whitefly) (Nombela et al., 2003; Rossi et al., 1998). 

Similarly, the Vat gene in melons provides increased resistance to Aphis gossypii (cotton aphid) 

and the transmission of viruses vectored by this aphid (Dogimont et al., 2009). The gene-for-

gene interactions that occur between some arthropod species and crop varieties, as well as the 

diversity of plant defenses that can be found within a single crop species, indicate that varietal 

mixtures could be designed to modulate arthropod populations. 

Previous work in natural and agricultural systems has demonstrated that increasing 

variation in plant traits and quality—at the individual, population, or community level—can 

either decrease or increase herbivore population size and may affect generalist and specialist 

pests differently (Andow, 1991; Underwood, 2004). Many crop species exhibit intraspecific 

variation in traits related to pest resistance, which suggests that crop varietal mixtures would 

likely affect pest populations. Indeed, a recent meta-analysis demonstrated that, on average, 

herbivore abundance is significantly reduced in varietal mixtures compared to monocultures 

(Koricheva and Hayes, 2018). We refer readers to Tooker and Frank (2012) for an exhaustive 

review of the literature on the pest control potential of varietal mixtures.  

In spite of the potential for varietal mixtures to support pest control services, additional 

empirical research is needed to better understand when we should expect varietal mixtures to 

suppress or enhance pest populations as well as how these effects will influence herbivory. We 

also need more research across cropping systems, as varietal mixtures of certain crop species 

may be more effective than others depending on the level of intraspecific trait variation present. 

Moreover, crops are often attacked by a complex of pest species; therefore, we need research 

across arthropod taxa as well as studies that consider the effect of mixtures on multiple pest 
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species simultaneously. Studies testing the effects of varietal mixtures on different trophic levels 

would provide valuable information on whether the suppressive effects of mixtures are a 

function of bottom-up or top-down control of arthropod pests (Tooker and Frank, 2012). There is 

strong evidence that the success of on-farm management practices is often affected by the 

composition of the surrounding landscape (Tscharntke et al., 2012b). Therefore, we need 

landscape-scale studies that examine the ability of varietal mixtures to support pest control 

services across different landscape contexts.  

 

4. The potential for intraspecific crop diversity to support resilient agroecosystems 

Agricultural producers are already experiencing negative effects of global climate 

change, making it increasingly important to design resilient agricultural systems that can 

withstand greater climate variability while continuing to promote agricultural and food system 

health (Döring et al., 2015; Lin et al., 2008). We use the term resilience to refer to an 

agroecosystem that continues to supply services, such as food production and pest control, when 

challenged with abiotic and biotic stressors. Biodiversity supports ecosystem function by 

enhancing complementary resource use and functional redundancy, which are important in the 

face of environmental change. The concept of functional redundancy is linked to the insurance 

hypothesis (Yachi and Loreau, 1999), the idea that biodiversity acts as a buffer against 

environmental variability because species differ in their response to change, helping to ensure the 

maintenance of an agroecosystem’s functional capacity even in the face of external shocks.  

Research has demonstrated that biodiversity, across time and spatial scales, can promote 

economically valuable ecosystem services that enhance agroecosystem functioning and stability. 

For example, preserving forest habitats at the landscape-scale can enhance pollination services 

resulting in higher coffee yields, an ecosystem service with an estimated value of $60,000 

annually for a single large farm (Ricketts et al., 2004). Similarly, polycultures can reduce insect 

pest and disease pressure, and enhance yields (Iverson et al., 2014; Letourneau et al., 2011; 

Power, 2010), and establishing diversified crop rotations can increase crop yield stability and 
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resilience to environmental stressors (Gaudin et al., 2015). The value of such services is typically 

determined by quantifying yield differences between diversified and simplified systems. 

However, production output is only part of the story; costs associated with production (e.g., labor 

and inputs) must also be taken into account if we wish to assess the capacity of these 

diversification strategies to provide farmers with secure livelihoods. For instance, manipulating 

landscape-level diversity would require coordinated efforts among multiple stakeholders, which 

can be difficult to achieve (but see Brier et al., 2008; Murray et al., 2005; Schellhorn et al., 

2015), and would likely entail higher costs that could dampen profits. Polycultures are often 

incompatible with mechanized agricultural equipment, and can increase cost due to higher labor 

requirements (Gliessman, 1985; Tooker and Frank, 2012).  

Developing alternative diversification strategies that mitigate these costs would increase 

the options available to growers, allowing them to implement a form of diversification that meets 

their particular needs. Crop varietal mixtures are one alternative form of diversification that 

could promote resilient agroecosystems by providing valuable ecosystem services while also 

reducing logistical constraints associated with other scales of diversification. Unlike landscape-

scale diversification, which growers have little control over, varietal mixtures can be easily 

implemented at the field scale. Varieties of a single species are more likely to have similar 

harvest schedules compared to crops of different species (Wolfe, 1985), and are often similar 

enough to be planted, harvested, and marketed together (Wilhoit, 1992). Although development 

times can vary across varieties, if mixtures are designed to incorporate varieties with similar 

agronomic characteristics, this problem can be avoided. Alternatively, many small-scale, tropical 

farmers intentionally plant fields to varieties that vary in maturation time to extend the growing 

or harvest period, spread out labor demands over a longer time period, and increase harvest 

security (Clawson, 1985). Management practices for different varieties of the same species are 

also likely to overlap, which means farmers can maximize their existing agronomic knowledge 

by expanding varietal diversity in a crop they already grow. Therefore, implementing varietal 
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mixtures may not require significant changes to existing management practices or farmer 

knowledge (Tooker and Frank, 2012), or investment in new infrastructure.  

While varietal mixtures are not a panacea for food security, they are a powerful strategy 

that could complement other forms of diversification. Varietal mixtures could be particularly 

useful in situations where growers face labor constraints and have little control over their 

surrounding landscape—making it difficult to manipulate landscape or crop species diversity. 

Small-scale farmers in developing countries face poorly functioning markets and are often 

resource limited (Chavas and Di Falco, 2012); a management strategy that averts risk by 

increasing harvest security without incurring additional labor costs would be extremely valuable. 

By planting multiple varieties in a mixture, farmers mitigate risk by increasing the odds that at 

least some varieties will produce well, resulting in an overall harvest that might be adequate to 

sustain a livelihood. For example, in the highlands of Mexico, farmers routinely plant multiple 

varieties of potatoes together to reduce the spread of fungal pathogens (Ugent, 1968).  

Planting varietal mixtures can also increase yield stability, particularly under conditions 

of environmental stress, which has important implications for growers who benefit from risk 

reduction and the ability to predict their annual production (Bullock et al., 2017; Kaut et al., 

2009; Mundt, 2002; Smithson and Lenné, 1996). For example, under drought and low fertility 

conditions in Senegal, mixtures of early and intermediate maturity cowpea varieties produce 

more stable yields in comparison to monocultures (Thiaw et al., 1993). Early maturing varieties 

of cowpea are important to food security as they can provide food and income during times when 

food is scarce (Hall and Patel, 1985; Thiaw et al., 1993). However, medium maturity varieties 

tend to produce more grain and forage than the early maturity varieties (Thiaw et al., 1993). 

Planting a mixture of both varieties prolongs the period of food availability without sacrificing 

productivity. In Canada, wheat mixtures outperform wheat monocultures under nutrient-poor 

conditions and generate higher yields (Kaut et al., 2009). There have been similar findings with 

oats, where plots planted to multiple oat varieties were more productive than monocultures under 

drought stress (Peltonen-Sainio and Karjalainen, 1991). The ability of varietal mixtures to 
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outperform monocultures in the face of abiotic stresses indicates varietal mixtures have the 

potential to enhance the resilience of agroecosystems to climate change (Tooker and Frank, 

2012).   

However, due to a focus on measuring the value of services and a lack of data on costs, it 

remains unclear under what conditions varietal mixtures are likely to be a profitable 

diversification option. Future studies examining the economic impact of varietal mixtures should 

adopt a holistic approach that quantifies the costs of production as well as the value of ecosystem 

services generated by this scale of diversity. Such studies should be conducted over multiple 

years to assess the capacity of varietal mixtures to support sustainable livelihoods. 

 

5. Varietal mixtures as a nutrition intervention 

Given that over a quarter of the human population does not receive adequate nutrition, it 

is critical that nutritional benefits contributing to food security be recognized as an additional 

goal of agroecosystems (DeFries et al., 2015). However, the trend towards more simplified food 

systems has had negative impacts on human health and nutrition, such as low diet diversity, 

micronutrient deficiencies, and malnutrition in the developed as well as developing world 

(Frison et al., 2006; Graham et al., 2007; Negin et al., 2009). Despite global increases in 

agricultural productivity, more than 900 million people are still undernourished (FAO, 2010) and 

over 2 billion people exhibit at least one micronutrient deficiency (IFPRI, 2014). To address 

these issues, we cannot focus our attention solely on ramping up agricultural production, as this 

alone will not guarantee food security or improved nutrition (Herforth et al., 2012). Rather, we 

must pay attention to the diversity of food produced to increase food security and combat diet-

related health issues (Esquinas-Alcazar, 2005; Herforth et al., 2012; Toledo and Burlingame, 

2006).  While we acknowledge that dietary diversity is likely most easily achieved by consuming 

different crop species, we highlight the meaningful nutritional diversity that exists within many 

annual food crop species.  
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Varietal mixtures may play an important role in diet diversification and human health as 

different crop cultivars vary in their nutrient compositions (Toledo and Burlingame, 2006). 

Moreover, many plant phytochemicals that are important to human nutrition also serve as plant 

defense compounds against insect herbivory. Recent research suggests that increasing nutrient 

heterogeneity within agroecosystems via intraspecific crop diversity could enhance pest control 

services (Wetzel et al., 2016). Therefore, increasing phytochemical diversity via varietal 

mixtures provides the opportunity to simultaneously enhance nutritional and ecological benefits. 

For example, carotenoids are not only important antioxidants for humans, they are also 

secondary metabolites key to plant defense (Hahlbrock and Scheel, 1989). Ascorbic acid, a 

vitamin critical to human nutrition, contributes to defending plants against photo-oxidative stress 

(Smirnoff, 1996). Significant variation in both compounds has been found among tomato 

varieties (George et al., 2004), suggesting that consuming a variety of cultivars could provide a 

more complete nutritional profile. Varieties of Brassica oleracea are also known to vary widely 

in their mineral nutrient composition and glucosinolate profiles—phytochemicals that offer 

protection from arthropod herbivores (Broadley et al., 2007). In the human gut, glucosinolates 

are hydrolyzed into isothiocyanates (Johnson, 2002) and there is strong evidence that these 

compounds play a major role in protecting against cancer (Talalay and Fahey, 2001). Indeed, 

research suggests that the variation in mineral composition found within B. oleracea crops is 

substantial enough to warrant use in genetic biofortification programs aimed at alleviating human 

dietary deficiencies, as varieties of this crop species can vary more than 20-fold in their 

concentrations of zinc (Broadley et al., 2007).  

Varieties of stable crops, such as wheat can also differ significantly in their 

concentrations of magnesium and zinc (Oury et al., 2006). In some instances, the highest 

concentrations of these nutrients are found in rare, underutilized varieties. Zinc, which can only 

be acquired through diet, is an essential trace element that is vital to a range of human functions 

due to its role as a cofactor of many enzymes (Prasad, 1998). However, there is evidence that 

high magnesium and zinc content in grains comes at a cost to yield (Oury et al., 2006). 
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Therefore, it would be antagonistic to breed simultaneously for high nutrient content and yield 

(Oury et al., 2006) and to plant a field to just one cultivar would result in a tradeoff either in 

terms of yield or nutritional content. However, planting a mixture of wheat that includes both 

high yielding and nutrient-rich cultivars would allow yield and nutrition metrics to be met 

simultaneously.  

Potatoes are another example of a staple food crop that encompasses broad variation in 

nutrient content, including fiber, ascorbic acid (vitamin C), potassium, and carotenoids (Andre et 

al., 2007; Burlingame et al., 2009). The nutritional diversity found in potato varieties is 

particularly evident in the Andes where mixtures are suggested to play an important role in 

dietary diversity (Picón-Reátegui, 1976). In this region, varieties can vary in concentrations of a 

given micronutrient by an order of magnitude and small portions of certain varieties can provide 

up to half of the daily required intake of a micronutrient, such as vitamin C (Andre et al., 2007). 

We predict the greatest nutritional impact of varietal mixtures would be seen in 

subsistence or semi-subsistence agriculture systems where households predominantly consume 

crops they have grown or participate in local food supply chains. In these food systems, 

households could increase dietary diversity by expanding varietal diversity in their own fields or 

by purchasing food directly from local growers with diversified fields. Indeed, varietal mixtures 

are quite common in primarily subsistence agriculture systems where they are typically used to 

extend the harvest period and income generation, and curb crop disease (Smithson and Lenné, 

1996). Whether these mixtures are currently planted with the explicit intent of increasing dietary 

diversity or the nutritional benefits are a “side-effect” of a strategy aimed primarily at providing 

other services, increasing awareness of the nutritional benefits associated with varietal mixtures 

could be particularly impactful for communities suffering from micronutrient deficiencies and 

would allow multiple services to be achieved simultaneously.  

In contrast, we would expect fewer direct nutritional impacts of varietal mixtures in 

commercial food systems where the majority of households purchase food from retailers. 

Mainstream food supply chains provide a wide range of annual crop species and varieties, 
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regardless of whether the crops were grown in a monotypic or diversified field, as produce is 

pooled from multiple growers. However, a meaningful and growing number of households in the 

United States—where mainstream food supply chains are ubiquitous—are increasingly procuring 

produce from emerging food channels, such as community-supported agriculture (CSA), farmers 

markets, and farm stands (King et al., 2010). The nutritional benefits of varietal mixtures are 

more likely to emerge in these local food supply chains where households are purchasing directly 

from growers.  

The extent of nutritional services provided by varietal mixtures will also vary depending 

on the crop species in question. For instance, we might expect varieties of vegetable and fruit 

crops that are directly consumed by humans to provide a greater nutritional impact than annual 

grain crops grown for human consumption, which often require processing. However, depending 

on the particular grain and type of processing, micronutrients can remain stable and, in some 

cases, become more concentrated during food processing (Slavin et al., 2000).  

Given the wide range of nutrients found within a single crop species, the capacity to 

measure crop nutritional diversity has important implications for human health and nutrition, and 

deserves further attention (DeFries et al., 2015). To this end, we must transition from traditional 

yield- or calorie-based metrics to new metrics, such as nutritional functional diversity (FD), that 

consider the nutrient diversity of agroecosystems (Remans et al., 2011). Nutritional functional 

diversity (FD) was originally developed to describe the crop species composition in an 

agroecosystem as well as the nutritional composition of crops in terms of important nutrients, 

which are categorized as functional traits. In this context, functional diversity measures the 

variation in nutrient composition and content in a crop community (Remans et al., 2011). For 

example, incorporating a crop with a distinct nutrient profile would increase the nutritional 

functional diversity of a field. While the nutritional FD metric was originally developed to assess 

nutrient diversity at the species level, it could easily be extended to varietal mixtures as there is 

meaningful nutritional diversity to be leveraged within crop species (Andre et al., 2007; 

Broadley et al., 2007; Burlingame et al., 2009; George et al., 2004; Oury et al., 2006; Remans et 
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al., 2011). Indeed, measuring nutritional functional diversity could promote the use of varietal 

mixtures as a method for increasing dietary diversity, at little cost to growers, and would provide 

a more effective strategy for diversifying diets than randomly increasing the number of varieties 

in a mixture.  

 

6. Conclusions 

There is clear evidence that varietal mixtures are a feasible agricultural manipulation with 

the potential to support agroecosystem services that provide economic and nutritional benefits to 

humans (Fig. 1). Implementation of varietal mixtures seems quite viable in small markets 

dominated by farmers who are growing primarily for subsistence purposes, where changes to 

existing infrastructure and practices would be small in comparison to large-scale, conventional 

systems. However, with appropriate policy incentives, there is also potential for this practice to 

be adopted more widely in conventional agricultural systems, as has already been done for 

pathogen management in small grains (Finckh et al., 2000; Mundt, 2002; Tooker and Frank, 

2012). Where marketing or processing requires the separation of varieties, varietal mixtures 

could be designed to accommodate mechanized equipment in the form of strip mixtures where 

the varieties are mixed in alternating strips of rows.   

To expand the adoption of varietal mixtures, a number of knowledge gaps require 

attention. We lack a clear understanding of when and where the services provided by varietal 

mixtures are likely to be strongest in agroecosystems. For instance, we have yet to understand 

how a range of arthropod herbivores and natural enemies respond to this level of diversity 

(Tooker and Frank, 2012). Further research is also needed to determine how genetically diverse a 

varietal mixture needs to be to simultaneously support the ecological, nutritional, and economic 

components of agroecosystems, and whether or not this level of diversity is consistent across 

agricultural systems (e.g., primarily subsistence vs. commercial).  

It is also imperative that we explore the mechanisms underlying the ecological impacts 

associated with varietal mixtures (Hughes et al., 2008). Understanding these mechanisms will 
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allow us to enhance agroecosystem services that support food security. Research in natural 

systems has highlighted the need to comprehensively compare the relative importance of 

interspecific and intraspecific plant diversity for ecological processes (Cook-Patton et al., 2011; 

Tooker and Frank, 2012); this knowledge would be particularly valuable in an agricultural 

context as it would expand management options for growers.  

Understanding the effects of varietal mixtures on farm profitability under different 

management regimes is another key area of research that will help farmers design 

agroecosystems that capitalize on returns from ecosystem services. Implementing varietal 

mixtures may not require significant changes to existing management practices, but to 

understand whether or not this diversification strategy can benefit farmers, we need to accurately 

assess its effects on profitability through empirical economic analyses that measure both 

production costs and revenue generation, ideally over multiple years.  

Given the importance of micronutrients in supporting human health and their interlinked 

roles in physiological functions (Frison et al., 2006), it is vital that agricultural interventions 

measure not only the yield capabilities of agroecosystems, but nutrient diversity as well. To 

address nutritional services, further research and outreach underscoring the capacity of varietal 

mixtures to support dietary diversity and human well-being is needed, as its value is often 

underappreciated. For instance, in some regions where nutrient-related diseases remain common, 

intraspecific variation in nutrient content is not routinely considered to be an important 

characteristic when extension agents recommend cultivars to farmers (Huang et al., 1999; Toledo 

and Burlingame, 2006). The nutritional functional diversity metric is one tool that can address 

this issue by providing another dimension by which we can measure cultivar characteristics 

(Remans et al., 2011). By moving beyond the ecological aspects of functional diversity, this 

metric allows us to broaden our perspective on the functional capacity of agroecosystems.  

As we seek to fill these knowledge gaps, we cannot focus our attention solely on varietal 

diversity per se, as the composition and functional diversity of varietal mixtures are likely to be 

significant drivers of agroecosystem processes (Gallandt et al., 2001; Mille et al., 2006; Newton 
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et al., 1997). To better understand the linkages between agrobiodiversity, resilient 

agroecosystems, and human nutrition, we need to simultaneously explore impacts on multiple 

outcomes, such as ecosystem services, dietary diversity, labor productivity, and livelihood status. 

Studies integrating agroecology, socioeconomics, and nutrition will guide us towards multi-

functional, sustainable food systems. 
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Figure 1.1. Conceptual framework for comparing the services (human nutrition, yield stability, 

pest control) and economic implications (labor, implementation effort, profits) associated with 

agricultural management practices. In this qualitative diagram, the level of service or economic 

implication is indicated along each axis; achieving greater distance along each axis indicates a 

stronger benefit. We compare services and economic implications across three hypothetical 

agriculture systems: a monoculture (closed circle), a polyculture (open circle), and a varietal 

mixture (open square). In general, polycultures enhance many services, but production costs can 

be high. In contrast, monocultures minimize costs, but are poor producers of services. We 

propose that varietal mixtures could serve as an intermediate strategy. The symbol ‘?’ represents 

predictions with the least amount of supporting evidence. 
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CHAPTER TWO 

LANDSCAPE-DEPENDENT EFFECTS OF VARIETAL MIXTURES ON INSECT PEST 

CONTROL AND IMPLICATIONS FOR FARMER PROFITS 

Lauren D. Snyder, Miguel I. Gómez, Erika L. Mudrak, and Alison G. Power 

 

Abstract 

 Intraspecific plant diversity can significantly impact insect herbivore populations in unmanaged 

ecosystems. Yet, its role as an insect pest control strategy in agricultural systems has received 

less attention, and little is known about which crop traits are important to herbivores in different 

landscape contexts. Moreover, empirical economic analyses on the cost-effectiveness of this 

management practice are lacking. We used varietal mixtures of Brassica oleracea crops on 

working farms to examine how two metrics of intraspecific crop diversity—varietal richness and 

number of plant colors (color richness)—affect crop damage and the incidence and abundance of 

two insect pests, Pieris rapae and Phyllotreta spp. We evaluated the context-dependency of 

varietal mixtures by sampling early and late season plantings of B. oleracea crops in farms 

across a gradient of landscape composition. We developed crop budgets and used a net present 

value analysis to assess the impact of varietal mixtures on input and labor costs, crop revenues, 

and profit. We found context-dependent effects of varietal mixtures on both pests. Color richness 

had no effect on Phyllotreta spp. populations in early season plantings. Increasing varietal 

richness reduced Phyllotreta spp. incidence in simple landscapes dominated by croplands, but 

this trend was reversed in complex landscapes dominated by natural habitats. In contrast, in late 

season plantings, increasing varietal and color richness reduced the incidence and abundance of 

P. rapae larvae, but only in complex landscapes where their populations were highest. 

Unexpectedly, we consistently found lower pest pressure and reduced crop damage in simple 

landscapes. Although varietal mixtures did not affect crop damage, increasing color richness was 

associated with increased profits, due to increased revenue and a marginal reduction in labor and 

input costs. We demonstrate that varietal mixtures can have significant impacts on pest 
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populations, and that this effect can be mediated by intraspecific variation in crop traits. 

However, the strength and direction of these effects vary by season, landscape composition, and 

pest species. The association between varietal color richness and profitability indicates that 

farmers could design mixtures to enhance economic returns.  We recommend additional research 

on the potential benefits of intraspecific trait variation for farmers.  

 

Introduction 

Low-diversity intensified agricultural systems have been implemented on a global scale 

in an effort to produce sufficient food for a growing human population. Although these systems 

can be highly productive in combination with external inputs, valuable ecosystem services such 

as pest control are often not supported (Altieri 1999, Power 2010). Increasing crop species 

diversity in the form of polycultures is an agroecological strategy long used by smallholder 

farmers around the world, and a strong body of literature shows polycultures support pest control 

services (reviewed in Andow, 1991; Letourneau et al., 2011). This service may be driven by 

natural enemies or by multiple characteristics of crop species diversity, such as increased color, 

chemical, or structural variation (Cartea et al. 2010), which can diminish herbivores’ ability to 

locate preferred host plants, as suggested by the resource concentration hypothesis (Root 1973). 

However, despite potential pest control services and other benefits, polycultures can be costly. 

For instance, polycultures may not lend themselves to mechanized agricultural equipment, 

thereby increasing labor requirements, and they demand more agronomic knowledge than 

monocultures because growers must be familiar with the planting times, management needs, and 

marketability of each crop species (Gliessman, 1985).  

A growing body of research suggests that intraspecific plant diversity—genetic diversity 

within a plant species—may be as important in structuring insect communities as plant species 

diversity (Crawford & Rudgers, 2013;  reviewed in Tooker & Frank, 2012). For some farmers, 

increasing crop diversity in the form of varietal mixtures may be a more feasible management 

practice than polycultures because they require relatively minor changes to agricultural practices 



42 

 

(Tooker and Frank 2012). For instance, farmers could expand varietal diversity in a crop species 

they already grow, thus providing a less costly diversification strategy. The potential for varietal 

mixtures to provide a less labor-intensive diversification strategy is particularly appealing, 

because labor is often the most expensive and difficult input for growers to procure (Bronars 

2014, Duvall 2017). However, there are few studies evaluating the impact of varietal mixtures on 

labor costs and grower profits, which impedes our ability to provide effective recommendations 

to growers.  

Despite long-standing use of varietal mixtures for pathogen control in cereal crops and 

considerable interest in using them for insect pest control, most studies exploring the effect of 

varietal mixtures on insects have been carried out in natural systems, with fewer studies in 

agricultural systems (reviewed in Tooker & Frank, 2012). Furthermore, most of the studies in 

agricultural systems have focused on whether the effects of varietal mixtures exist, and there has 

been less emphasis on understanding which functional traits present in crop mixtures influence 

insect communities in the field. Studies from natural systems indicate that insect pests respond to 

intraspecific variation in morphological plant traits, such as leaf color, in genotypic mixtures 

(Sinkkonen et al. 2012, Green et al. 2015). However, the effect of intraspecific trait variation in 

crop varietal mixtures on agricultural insect pests is poorly understood.  

Some studies in agricultural systems have shown a strong effect of varietal mixtures on 

insect populations (Altieri and Schmidt 1987, Power 1988), while others have shown little or no 

effect (Cantelo and Sanford 1984, Power 1988). We suggest the mixed results from these studies 

could be related to spatial and temporal variation in the dynamics of insect pests and their natural 

enemies. For example, landscape composition is known to strongly influence insect populations 

(Bianchi et al. 2006, Tscharntke et al. 2007) and the effectiveness of management practices at the 

local-scale (Tscharntke et al. 2012). Landscapes with a high proportion of natural areas are 

frequently associated with high natural enemy abundance, which in turn can enhance pest control 

services (Gardiner et al. 2009, Chaplin-Kramer et al. 2011). Measuring temporal dynamics is 

also important because pest and natural enemy populations, along with crop damage, fluctuate 
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over a growing season (Chaplin-Kramer et al. 2013). For example, in brassica crops grown in 

central NY State, flea beetles (Phyllotreta spp.) are the primary insect pests in the early growing 

season (April-June), while the small white butterfly (Pieris rapae) becomes a dominant pest in 

the late growing season (June-August) (Seaman 2013). Therefore, the effectiveness of varietal 

mixtures as a pest management strategy is likely to vary across time and space. While previous 

field studies on varietal mixtures have accounted for temporal variation by sampling pests 

throughout a growing season, little is known about the interaction between varietal mixtures and 

landscape composition. 

Here, we evaluate the effects of early and late season plantings of Brassica oleracea 

mixtures (local-scale intraspecific crop diversity) and the percent of cropland at the landscape-

scale on the incidence and abundance of two important cruciferous pests—P. rapae and flea 

beetles—and resulting crop damage. In addition, we explore the role of an important crop trait, 

varietal color, in mediating these services. While B. oleracea varieties vary in a number of 

functional traits, such as plant structure and phytochemical composition, in this study we focus 

on intraspecific variation in plant color for several reasons 1) cruciferous herbivores are known 

to use color as a visual cue in host selection (Yang et al. 2003, Tsuji and Coe 2014), 2) color is 

correlated with other functional traits, including crop chemical profiles (Choi et al. 2014), which 

are also known to be important host identification cues for cruciferous pests (Nielsen 1988, 

Renwick and Radke 1988), and 3) color can be measured easily in the field and would be 

straightforward for farmers to manipulate. Finally, we evaluate the potential for varietal mixtures 

to serve as a profitable form of crop diversification by measuring their effect on labor costs and 

profitability. We predict that (i) the effect of varietal mixtures on pest incidence/abundance and 

crop damage will depend on landscape context and time of growing season (e.g. early versus late 

season), (ii) varietal color richness will mediate the effect of mixtures on pests, (iii) increasing 

intraspecific crop diversity will increase grower profits.  
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We investigated these predictions by measuring pest incidence and abundance, crop 

damage, and aspects of grower profitability in farmer fields located across a gradient of cropland 

cover in upstate New York during early and late season B. oleracea plantings.  

 

Methods 

STUDY SYSTEM 

We sampled early and late season insect pests on crucifers in the Finger Lakes region of 

New York State on farms growing the following B. oleracea varieties: broccoli, brussels sprouts, 

cabbage, cauliflower, collards, kale, and kohlrabi. Brassica oleracea contains a large amount of 

intraspecific variation (Ahuja et al. 2011), which increased our likelihood of detecting an effect 

of varietal mixtures and made it easy to focus on a conspicuous crop trait, plant color, that could 

be mediating herbivore abundance. We focused on two important pests of crucifers in this 

region: the foliar feeding lepidopteran P. rapae and flea beetles (Phyllotreta cruciferae and 

Phyllotreta striolata) (Ahuja et al. 2011).  In our study region, crucifers are planted multiple 

times from April through August and harvested from July through November (Seaman 2013). 

Flea beetles are dominant early in the season and their populations begin to decline in June, 

while P. rapae populations peak later in the season, typically after June (Seaman 2013). To 

address these seasonal differences, we focused our sampling on the late season planting in 2013 

to capture P. rapae dynamics, and the early season planting in 2014 to capture flea beetle 

dynamics. 

 

SURVEY DESIGN 

We selected farms growing B. oleracea varieties in fields with low (one variety) to high 

(six varieties) numbers of varieties (i.e. varietal richness). We also recorded the number of 

varietal colors (color richness) in each field. It is important to note that varietal richness and 

color richness can vary independently from one another. For example, farmers may plant a 

purple sub-variety of cauliflower, a white sub-variety of cauliflower, and a green sub-variety of 
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broccoli in the same field. In this scenario, we would record two varieties (cauliflower and 

broccoli), but three colors (purple, white, and green).  

We monitored pest incidence and abundance at 19 fields on 14 farms in the early season 

and 23 fields on nine farms in the late season, which included all farms from the early season 

survey. Farms were separated by a minimum of 3.5 km in the early season and 4 km in the late 

season. Separation between fields associated with the same farm ranged from 40 m to 4680 m in 

the early season (mean = 870.7 m, median = 119 m) and 29 m to 2000 m in the late season (mean 

= 285.4 m, median = 150 m). The fields ranged in size from 21 m2 to 26,246 m2. Although 

agricultural management varied by farm, all farms were characterized by organic practices; not 

all farms were certified organic, but all followed organic production practices and no synthetic 

inputs were used (Table S1). Given the observational nature of our study, planting schemes 

varied across farms, yet all varieties present in mixtures were planted closely to one another. In 

other words, different varieties were either planted together within a row or planted next to one 

another in alternating rows. We did not observe varieties arranged in large blocks or strips. 

We used the proportion of cropland as our landscape composition metric, a land cover 

type influential for flea beetles (Andersen et al. 2005) and P. rapae (Benson et al. 2003). 

Cropland in this region included vegetables, fruits, legumes, cereals, and fallow fields. We 

selected fields to represent a gradient of landscape complexity, ranging from simple landscapes 

comprised mostly of cropland (71% cropland) to complex landscapes with little cropland (5% 

cropland). We define landscapes with little cropland as complex because non-agricultural land in 

our study region is dominated by natural areas, including deciduous, evergreen, and mixed 

forests, wetlands, and pastures composed of clover, wildflowers, and grasses. Percent cropland at 

three spatial scales (500, 1000, and 1500 m radius of each field) was calculated using the 2013 

and 2014 Crop Data Layers (USDA National Agricultural Statistics Service Cropland Data 

Layer), respectively, and ArcGIS software (ESRI, ArcMap version 10.1).  
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PEST SAMPLING METHODS 

We captured early season pest dynamics by visually counting adult flea beetles on 30 

plants in each field three times from May to early July. At each sample event, we randomly 

selected six points in each field. At each point, we visually inspected five consecutive plants for 

adult flea beetles. Each plant was assessed for pest damage using a damage index ranging from 

zero (no damage) to five (severe damage) based on methods from Macharia et al. (2005) (Table 

S2). To account for seasonal changes in pest incidence/abundance and crop damage, we 

partitioned our sampling schedule into three sampling periods two weeks in length: mid-May, 

early June, and late June to early July. Due to differences in farmers’ planting and harvesting 

schedules, fields were sampled during at least two of the sampling periods, but never more than 

once per sampling period. 

We measured the incidence and abundance of P. rapae in the late season by counting the 

number of larvae on 30 plants in each field from July through early September following the 

same random sampling scheme used in the early season survey.  Based on planting and 

harvesting schedules, we partitioned our sampling schedule into five sampling periods two 

weeks in length: early July, late July, early August, late August, and early September. All fields 

were sampled one to five times over the growing season, but never more than once per sampling 

period. 

 

CROP BUDGETS 

We developed crop budgets for ten of the 19 farm fields sampled in the 2014 early season 

survey using a net present value (NPV) approach to calculate the cost of inputs, revenue 

generated by yield, and profitability (methods based on Atallah & Gómez, 2013; McCarl, 1982; 

Wiswall, 2009). The crop budgets provide the basis of the economic comparison between low 

and high diversity fields. NPV analysis calculates the difference between the present value of 

cash inflows and the present value of cash outflows, which enabled us to analyze the profitability 

of increasing varietal and color richness. We defined profitability as the total revenue generated 
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by yield minus total expenses. In the crop budgets, we categorized expenses by the type of cost. 

We explicitly evaluated the effect of intraspecific crop diversity on labor because it is one of the 

most limiting inputs for growers (McCarl 1982, Bronars 2014). Therefore, we separated 

expenses into two categories: input costs (transplant, pest management, weed management, and 

fertility costs) and labor costs. When possible, financial information was gathered directly from 

farmers’ records. Incomplete farm records were augmented with the average input and output 

prices used by the other farms in the study.  

 

STATISTICAL METHODS 

For all analyses, we developed hypothesis-based linear models in R Statistical Software 

3.4.1 (R Core Team 2017) to test our predictions that both local- and landscape-scale diversity 

would impact pest incidence/abundance and crop damage. We used variance inflation factors 

(VIF) to ensure that the explanatory variables included in our models were not collinear (Zuur et 

al. 2009). Based on methods in Zuur et al. (2009), we used a VIF cut-off value of three to define 

collinear variables; all explanatory variables included in our models were below this cut-off 

value, indicating that none of our predictors were collinear. 

Each of the models discussed below were fitted separately using the percent cropland 

variable calculated at each of three spatial scales—500, 1000, and 1500 m—and Akaike 

Information Criterion (AIC) values were used to determine the most predictive scale (Burnham 

and Anderson 2002). Because we focused on late season pest dynamics in 2013 and early season 

dynamics in 2014, we analyzed each year separately. To facilitate interpretation, all figures were 

plotted on the transformed scale, but labeled with untransformed values. We used Mantel tests to 

check for spatial autocorrelation of landscape composition at farm fields, as well as for spatial 

autocorrelation between the fields and response variables. Mantel tests indicate our data were not 

spatially autocorrelated either year (see Tables S3 & S4 in Supporting Information). 
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Pest dynamics 

To analyze pest incidence and abundance we used generalized linear mixed effect models 

fitted with the glmer function in the lme4 package (Bates et al. 2015). Explanatory variables 

included varietal richness, color richness, percent cropland, and two-way interactions between 

percent cropland and the local-scale predictors—varietal richness and color richness. We used a 

nested random effects design of sampling point nested within sampling period nested within 

field. By including field as a random effect, we accounted for variation in field size, planting 

scheme, and management style.  

To accommodate zero-inflated and overdispersed count data, we employed manual two-

step hurdle models (Zuur et al. 2009). This amounted to two separate models: one for the binary 

“presence” or “absence” of a pest (incidence), and the second for the number of individuals 

present (abundance). In the first step, we modeled pest incidence using a binomial distribution 

(logit link) to govern the binary outcome of whether a pest existed on that plant. In the second 

step, we modeled pest abundance when present (i.e., the non-zero outcomes) with a Poisson 

distribution (log link). To check for overdispersion in the Poisson models, we used the 

overdisp.glmer function in the RVAideMemoire package (Hervé, 2017). If the model was 

overdispersed, an observation level random effect was added to correct for overdispersion 

(Harrison 2014). To ensure our data was well-modeled by the specified distributions as well as to 

check for violations of homoscedasticity and linearity, we used the DHARMa package (Hartig 

2017) in R; no anomalies were found. The slopes of fitted lines were estimated and compared 

using the lstrends function in the lsmeans package (Lenth 2016). 

 

Crop damage 

To evaluate how crop damage was affected by varietal richness, color richness, percent 

cropland, and the two-way interactions between percent cropland and the local-scale predictors, 

we fit linear mixed effects models using the lmer function (lme4 package, Bates et al., 2015). We 

analyzed the relationship between crop damage and pest incidence/abundance using linear mixed 
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effects models. Again, our random effects included sampling point nested within period nested 

within field. The effects of fixed factors and interaction terms were evaluated using Type II Wald 

χ2 tests with the Anova function in the car package (Fox and Weisberg 2011).  

 

Crop budgets 

In addition to exploring the effect of varietal mixtures on overall field profitability, we 

were interested in their relationship with production costs (i.e., labor and input costs) and 

revenue generation. Thus, the crop budget dataset included response variables of profitability, 

labor costs, input costs, and revenue generated from crop yield. Given that labor costs, input 

costs, and revenue were variables used to calculate profitability, it is likely these variables are 

not independent of one another. To avoid a Type I error, we used a Holm’s Procedure for 

multiple test correction. Corrected and uncorrected p-values are reported in the supplementary 

materials; we used corrected p-values to interpret our results. We lacked sufficient sample size 

(n=10 fields) to investigate the impact of landscape predictors on the economic response 

variables. Therefore, we included only local-scale predictors (i.e., varietal and color richness). 

Due to the small sample size, fields in the crop budget dataset only had one to two varietal 

colors.  

 

Results 

PEST DYNAMICS 

The effect of varietal and color richness on pest incidence and abundance varied across 

the landscape and by pest. We show results at the 1000 m and 500 m scales for the early season 

and late season surveys, respectively, because these were the most predictive scales for the 

dynamics of the focal pest (see Table S5 in Supporting Information). In the early season, we 

found a significant interaction between landscape complexity and varietal richness (p=0.007; 

Table S5).  There was a positive association between flea beetle incidence and varietal richness 

in complex landscapes (p<0.05; Fig. 1); However, this trend was reversed in simple landscapes 
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(≥50% cropland) (p<0.05; Fig. 1). We found no effect of color richness on flea beetles. We also 

found a landscape-dependent effect of varietal richness on P. rapae incidence in the late season 

(p<0.004, Table S5). That is, increased varietal richness had a significant negative effect on P. 

rapae incidence, but only in complex landscapes (≤ 20% cropland) (p<0.01; Fig. 2;). Similarly, 

as color richness increased, P. rapae abundance significantly decreased, but only in complex 

landscapes (p<0.001; Fig. 3; Table S5). Furthermore, as the proportion of cropland in the 

landscape increased, the abundance of P. rapae larvae significantly decreased, indicating that P. 

rapae was less abundant in simple landscapes (p<0.05; Table S5). Our results indicate that flea 

beetles and P. rapae had unique responses to the interaction between intraspecific B. oleracea 

diversity and landscape composition.  

 

CROP DAMAGE 

Flea beetles had no effect on crop damage in the early season, but crop damage was 

significantly associated with P. rapae abundance in the late season (p<0.001; Fig. 4). Varietal 

richness and color richness were not significantly correlated with crop damage in either the early 

or late season survey. However, throughout the growing season, crop damage decreased 

significantly as the percent of cropland in the surrounding landscape increased (p<0.05; Figs. 5 

and 6). This effect was significant at the 1000 m and 1500 m scale in the early season survey and 

at 500 m and 1000 m scale in the late season survey.  

 

CROP BUDGETS 

Fields with two varietal colors had significantly higher profits than fields with only one 

varietal color (p<0.05; Figure 7; Table S6). Moreover, increasing the number of colors in a field 

was associated with a significant increase in revenue (p<0.01; Table S6), and a marginally 

significant reduction in labor costs (p=0.066; Table S6) and input costs (p=0.068; Table S6). We 

found no significant effect of varietal richness on profitability, revenue, labor costs, or input 

costs. 
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Discussion 

Our findings highlight the importance of accounting for spatial and temporal variation 

while evaluating the efficacy of local management practices, as the effect of varietal mixtures on 

pest populations varied across landscapes and growing season. The variability we detected may 

partially explain the previously documented mixed effects of varietal crop mixtures on insect 

pests (e.g., Altieri & Schmidt, 1987; Cantelo & Sanford, 1984; Power, 1988, 1991). Moreover, 

we found that intraspecific variation in crop color can significantly influence pest populations 

and profitability, suggesting a trait-based approach could maximize the value of the ecosystem 

services provided by varietal mixtures. 

In the early season, the incidence of flea beetles decreased significantly in response to 

intraspecific crop diversity in simple landscapes. A recent study on Japanese beetles (Popillia 

japonica) revealed that beetles foraging across a suite of host plant species induce detoxification 

enzymes allowing them to cope with a greater diversity of plant chemical defenses (Adesanya et 

al. 2016); however, this detoxification process incurs a high energetic cost (Karban and Agrawal 

2002). Varieties of B. oleracea are known to vary widely in their phytochemical profiles, 

including compounds important to plant defense against herbivores (Ahuja et al. 2011). Fields 

with high B. oleracea diversity may present a greater diversity of phytochemicals, thus requiring 

flea beetles to increase production of detoxification enzymes. Furthermore, some insect 

herbivores exhibit a similar detoxification response when exposed to pesticides (Schuler 2011), 

and landscapes dominated by agriculture have been shown to have higher background levels of 

pesticides compared to landscapes with a high proportion of semi-natural habitats (Meehan et al. 

2011). Flea beetles foraging in fields with high B. oleracea diversity surrounded by agriculture 

may experience relatively high enzymatic costs. An inability to detoxify an array of 

phytochemicals as well as pesticides may partially explain the negative relationship between 

intraspecific B. oleracea diversity and flea beetle incidence in simple landscapes.  

In complex landscapes, intraspecific B. oleracea diversity had a positive effect on flea 

beetle incidence. While this result contradicts findings from other studies in agricultural systems 



52 

 

showing a negative relationship between intraspecific crop diversity and herbivore abundance 

(Koricheva and Hayes 2018), it  is in line with multiple studies in natural systems demonstrating 

a positive association between intraspecific plant diversity and herbivore abundance (Crutsinger 

et al. 2006, McArt and Thaler 2013). Fields with high intraspecific diversity may provide a 

greater diversity of dietary resources, as suggested by the balanced diet hypothesis (Tilman 1982, 

DeMott 1998). Therefore, in complex landscapes where herbivores may be less exposed to 

pesticides, it could be that the nutritional benefits associated with dietary diversity outweigh the 

enzymatic costs associated with increased plant phytochemical diversity. We did not explicitly 

explore the role of phytochemicals in our study, as our primary goal was to investigate a crop 

trait (plant color) that is simple to categorize and that farmers could easily manipulate. While 

crop chemical profiles can be correlated with plant color, they also vary by plant age and 

structure, as well as abiotic conditions (Choi et al. 2014). Therefore, it is unlikely that a 

straightforward relationship of one crop variety, one chemical profile exists. The strong 

relationship between color richness and herbivore abundance established in our study suggests 

that color is a useful and logistically feasible management strategy for farmers to implement. 

This finding should motivate future research exploring whether color itself drives the observed 

effect on herbivores or if there are underlying chemical profiles associated with color that 

contribute to the color effects observed in this study. 

In contrast to early season pest dynamics, varietal richness reduced the incidence of P. 

rapae in complex landscapes, but had no effect in simple landscapes. A recent robust 

quantitative synthesis of the effect of landscape composition on insect pest species revealed 

substantial variation in pest species’ responses to landscape variables (Karp et al. 2018). Our 

results support these findings, as we showed that flea beetles and P. rapae exhibit contrasting 

responses to landscape composition. In NY State, P. rapae is a host for several parasitoid species 

(Shelton et al. 2002), which have been shown to cause high levels of mortality in early instars of 

P. rapae (Herlihy et al. 2012a). Non-crop habitats such as forests and wetlands are important 

sources of refuge and alternative foods for natural enemies (Landis et al. 2000), and thus their 
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populations are often higher in complex landscapes (reviewed in Chaplin-Kramer et al., 2011). 

Research in natural systems has demonstrated that intraspecific plant diversity supports a higher 

abundance and diversity of parasitoids (Jones et al. 2011). The suppressive effect of intraspecific 

crop diversity that we observed in complex landscapes could be a result of enhanced biocontrol 

services. In our study, P. rapae was significantly less abundant in simple landscapes compared to 

complex landscapes. This finding appears to be in conflict with the resource concentration 

hypothesis, which would suggest that herbivore abundance should be highest in areas with 

concentrated food resources (Root 1973). It could be that higher background levels of 

pesticides—often associated with simplified landscapes (Meehan et al. 2011)—reduced the 

overall abundance of P. rapae in these areas. Indeed, previous work suggests that the effect of 

pesticides can outweigh effects of landscape composition on pest abundance (Veres et al. 2013).  

The low density of P. rapae that we observed in simple landscapes may have hindered detection 

of an effect of varietal mixtures in these landscapes.  

Our results suggest that varietal color is one crop trait that has the potential to influence 

some pest species. Color richness elicited the same response from P. rapae as varietal richness; 

in complex landscapes, increased color richness reduced the abundance of P. rapae larvae. Since 

varietal and color richness vary independently from one another and are not collinear, these 

results demonstrate that P. rapae responded to intraspecific variation in crop color in addition to 

overall varietal richness. Previous studies have demonstrated that color is an important plant trait 

in moderating insect populations and P. rapae in particular is known to use foliage color as a 

landing cue (Tsuji & Coe 2014). In some instances, plant color is also correlated with plant 

defense compounds (Malenčić et al. 2012, Green et al. 2015). Therefore, it is possible that P. 

rapae responded to chemical as well visual cues associated with color richness. In contrast, flea 

beetles did not respond to color richness, indicating that other plant traits may play a more 

important role in mediating their population dynamics. Brassica oleracea varieties also differ 

widely in plant structure and chemistry (Ahuja et al. 2011), and previous research has 

demonstrated that an herbivore’s response to structural and biochemical traits in B. oleracea 
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crops can be species-specific (Santolamazza-Carbone et al. 2013). Future studies are needed to 

further tease apart the varietal traits underlying the effect of mixtures on different insect species. 

Although intraspecific crop diversity significantly influenced pest populations under 

certain scenarios, it had no effect on crop damage in either early or late season plantings. Rather, 

crop damage was negatively correlated with the percent of cropland in the landscape throughout 

the growing season, consistent with the negative relationship between P. rapae abundance and 

percent cropland in the late season. In our study, lower crop damage in simple landscapes may be 

a result of reduced pest pressure. Although our early season sampling occurred before P. rapae 

reached peak abundance, it is possible that the effect of landscape complexity on crop damage in 

the early season planting was also driven by P. rapae, as its abundance would have been 

increasing towards the end of our sampling period (Seaman 2013).  

Although we did not find an effect of varietal mixtures on crop damage in this study, one 

limitation was the unbalanced design of the varietal mixtures we sampled. Because we conducted 

our research on working farms, the particular varieties that were included in the mixtures varied 

from field to field. Given an increasing appreciation for the importance of plant trait diversity in 

moderating ecosystem services (Wood et al. 2015), the potential for crop varietal mixtures to 

support pest control services could likely be increased by deliberately designing mixtures to 

include specific varietal traits.  

Our economic analysis suggests that varietal mixtures warrant further attention due to 

their potential to support economic services. Despite a relatively small sample size, our results 

demonstrate that varietal mixtures can enhance profitability, as we found that increasing color 

richness significantly increased profit. The effect of color richness on profit appears to be 

mediated via its effect on revenue, and potentially on labor and input costs, as well; we found 

that increased color richness was associated with a significant increase in revenue generated 

from yield, and a marginally significant reduction in labor and input costs. We suggest that the 

effect of color richness on revenue could be a result of enhanced pest control services. In 

complex landscapes, the abundance of P. rapae was reduced in plots with high color richness, 
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and P. rapae was associated with crop damage. Therefore, increasing color richness may have 

increased marketable yield without increasing, and potentially even decreasing, the amount of 

labor and inputs a grower had to allocate to pest management via a reduction in P. rapae 

abundance and crop damage. The fact that our economic analysis reveals an effect of color 

richness, but not varietal richness, is further indication that intraspecific variation in specific crop 

traits, rather than simply varietal diversity, drives ecological and economic services.  

While the conclusions drawn from the economic portion of our study could be tempered 

by our limited sample size, our findings suggest that varietal mixtures could serve as a profitable 

management strategy and should motivate further research into their ability to mitigate 

implementation constraints associate with other diversification strategies. The finding that 

intraspecific crop diversity did not increase labor costs is particularly encouraging, as labor is 

often the most difficult input for growers to procure, particularly in the current U.S. context 

where the lack of a stable agricultural workforce has had substantial impacts on the national 

economy (Duvall 2017). Indeed, the farmers included in the economic portion of this study 

allocated an average of 47% of their input costs to labor. Therefore, a diversification practice that 

does not entail a tradeoff between yield services and labor expenditures could be quite valuable 

for growers. This finding underscores the importance of explicitly measuring the value of 

services as well as production costs to determine overall profitability, arguably the most relevant 

metric for agricultural producers.  

Future studies should also evaluate consumers’ willingness to purchase new varieties, 

particularly varieties that differ in color because this appears to be a varietal trait that is 

important for insect pest control. Currently, many super-markets around the world only offer one 

or a few varieties of a given crop species (Lamers et al. 2016). Evaluating consumer preferences 

for varietal diversity would be useful, since increased demand for diversification could provide 

an additional incentive for growers to implement varietal mixtures. The widespread adoption of 

varietal mixtures would require the availability of a diverse seed supply as well as markets for 

these varieties. Finally, to maximize value to growers, we suggest that future research on the 
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design of varietal mixtures consider economically important varietal attributes related to ease of 

cultivation, labor demands, and market value in addition to traits related to environmental 

adaptability and productivity. Such information would support the thoughtful design of varietal 

mixtures that maximize both ecological and economic services for growers.  
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Fig. 2.1. Model estimates with 95% confidence intervals for the relationship between flea beetle 

incidence and varietal richness across a gradient of landscape complexity (5, 20, 35, 50, and 65 

% cropland 1000 m) in the early season planting. We show percent crop land at equal intervals 

that portray the range of landscape complexity in our study region and are well represented in 

our dataset. Slope significantly different from zero: * p<0.05, ** p<0.01. 
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Fig. 2.2. Modelled effect of varietal richness on P. rapae incidence across a gradient of 

landscape complexity (5, 20, 35, and 50 % cropland 500 m) in the late season planting. We show 

percent crop land at equal intervals that portray the range of landscape complexity in our study 

region and are well represented in our dataset. Figure shows regression slopes with 95% 

confidence intervals. Slope significantly different from zero: ** p<0.01.  
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Fig. 2.3. Modelled effect of the number of colors in a field on P. rapae abundance across a 

gradient of landscape complexity (5, 20, 35, and 50 % cropland 500 m) in the early season 

planting. We show percent crop land at equal intervals that portray the range of landscape 

complexity in our study region and are well represented in our dataset. Figure shows regression 

slopes with 95% confidence intervals. Slope significantly different from zero: *** p<0.001. 
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Fig. 2.4. Model estimates with 95% confidence intervals for the relationship between crop 

damage and Pieris rapae larvae abundance (predicted mean number of P. rapae larvae per plant) 

in the late season planting. 
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Fig. 2.5. Model estimates with 95% confidence intervals for the relationship between crop damage 

and percent cropland at the 1500 m scale in the early season planting. 
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Fig. 2.6. Model estimates with 95% confidence intervals for the relationship between crop 

damage and percent cropland at the 500 m scale in the late season planting. 
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Fig. 2.7. Effect of color richness on profitability (model mean estimate ± SE). Profitability was 

calculated using a net present value analysis. We defined profitability as the total revenue 

generated by yield minus total expenses. 
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CHAPTER THREE 

VARIETAL IDENTITY, NOT VARIETAL RICHNESS, PREDICTS PEST ABUNDANCE 

AND CROP DAMAGE 

 

Abstract 

1. A growing body of research demonstrates that enhancing intraspecific crop diversity in 

the form of varietal mixtures can support multiple ecosystem services, including crop 

productivity and pest suppression. However, most research on varietal mixtures has focused on 

whether intraspecific crop diversity benefits exist and there has been less emphasis on 

identifying the mechanisms driving these effects. Hypotheses developed for species-level effects 

on ecosystem processes could provide a useful framework for varietal mixtures and suggest 

biodiversity effects can be driven by two main mechanisms, diversity per se or the presence of a 

particular species (i.e., identity effects). 

2. We applied this framework to varietal mixtures of Brassica oleracea to test whether 

varietal richness (i.e., diversity) or varietal identity mediated the abundance of two cruciferous 

pests (Pieris rapae and Plutella xylostella), crop damage, and yield. Using two separate common 

garden experiments, we leveraged the broad trait variation present in B. oleracea crops to test 

our questions across two crop traits, plant morphology and color, which are known to influence 

the behavior of cruciferous pests.  

3. Across both experiments, varietal identity, rather than varietal richness, mediated pest 

abundance and crop damage. Despite significant effects of mixtures on crop damage, we found 

no significant effect of mixtures on crop yield in either experiment. Interestingly, P. xylostella 

responded to intraspecific crop variation in both the morphology and color experiment, whereas 

intraspecific crop diversity only influenced P. rapae in the morphology experiment. In some 

instances, monocultures offered stronger pest control services than mixtures, but in other 

scenarios varietal mixtures received significantly less crop damage compared to monocultures. 
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These findings suggest that while monocultures may be superior to mixtures in some cases, 

planting a monoculture of the wrong variety can exacerbate pest problems.  

4. Synthesis and applications. Taken together, our results underscore the importance of 

identifying and maintaining the right kind of diversity. The strong identity effects we observed 

suggest that, for pest control services, management strategies that target influential crop varieties 

will be more effective than those that focus on maximizing varietal diversity more broadly. To 

strengthen pest control services in varietal mixtures, we recommend additional research to tease 

apart the role of functional trait diversity in varietal mixtures on different pest species.  

 

INTRODUCTION 

Increasing agricultural diversity has been shown to provide ecosystem services that 

support agricultural production (Power 2010, Letourneau et al. 2011, Iverson et al. 2014). 

Enhancing intraspecific crop diversity—genetic diversity within one species—through the use of 

varietal mixtures is one form of crop diversification that is receiving increasing attention for its 

potential to support pest control and yield services (Tooker and Frank 2012, Reiss and 

Drinkwater 2018). In fact, studies in natural systems indicate that intraspecific plant diversity can 

play as important a role as plant species diversity in regulating important ecosystem processes, 

such as structuring arthropod herbivore communities and supporting plant productivity 

(Crutsinger et al. 2006, Jones et al. 2011, Cook-Patton et al. 2011, Crawford and Rudgers 2013), 

and these services are particularly relevant to crop production. Moreover, varietal mixtures have 

the potential to provide growers with a logistically feasible diversification strategy, as they 

require relatively minor changes to existing simplified agricultural systems (Tooker & Frank 

2012). For instance, varieties of the same crop species often have similar growing requirements 

and may be marketed similarly, meaning farmers could leverage their existing agronomic 

knowledge and expand varietal diversity in a crop species they currently grow (Wilhoit 1992, 

Tooker and Frank 2012).  
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Implementation of varietal mixtures to support pest control and yield services in 

agricultural systems shows promise (reviewed in Tooker & Frank, 2012), yet much remains to be 

explored. While there is a strong body of evidence demonstrating the beneficial effect of varietal 

mixtures on crop production and yield stability (Reiss and Drinkwater 2018), fewer studies have 

explored the effect of varietal mixtures on arthropod pests and crop damage in agricultural 

systems (Tooker and Frank 2012, Koricheva and Hayes 2018). A recent meta-analysis 

demonstrated that crop mixtures were associated with a significant reduction in arthropod pest 

abundance, but the same study found no effect of mixtures on crop damage (Koricheva and 

Hayes 2018). However, these non-significant outcomes were based on the results of a small 

number of studies (n=6), indicating further research is needed before broader conclusions can be 

drawn. Moreover, the effect of varietal mixtures has been shown to vary depending on the pest 

species in question (Cantelo and Sanford 1984, Power 1988, Abdala-Roberts et al. 2015). For 

example, Abdala-Roberts et al. (2015) found varietal mixtures of Capsicum chinense peppers 

reduced attacks by leafminer larvae, but had no effect on fruit-eating weevils. Thus, to more fully 

understand how varietal mixtures influence pest communities, we need additional empirical 

studies that simultaneously consider multiple pest species, as well as further research into the 

potential for varietal mixtures to mediate crop damage.  

Most research on varietal mixtures in agricultural systems has focused on whether or not 

intraspecific crop diversity benefits exist; identifying the mechanisms underlying the effect of 

varietal mixtures on pest abundance and crop production has received less attention (Hughes et 

al. 2008, Moreira et al. 2016). Hypotheses developed for species-level effects on ecosystem 

processes, such as plant productivity, could provide a useful framework for varietal mixtures. 

This body of work suggests that biodiversity effects may be driven by various mechanisms, 

which are either related to diversity per se (e.g., species richness) or the presence of a particular 

species (e.g., species identity). For instance, plant species diversity can enhance productivity 

through complementarity in resource use when species utilize resources in different ways, or 

through facilitation when one species enhances the resource use of another species (Loreau et al., 
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2001; Loreau & Hector, 2001; Tilman et al., 1997). In a study examining the effect of plant 

diversity on productivity in perennial cropping systems, polycultures consistently outperformed 

component monocultures due to complementarity among species (Picasso et al. 2011). Similarly, 

the resource concentration hypothesis predicts plant species diversity can reduce insect pest 

populations by making it harder for pests to locate suitable host plants (Tahvanainen and Root 

1972). Increasing the diversity of plant traits is one explanation for this effect. For example, in 

corn-bean-squash systems that exhibit high variation in plant morphology, beetle pests were 

significantly less abundant in polycultures than in monocultures, potentially due to unfavorable 

microclimates and reduced mobility resulting from increased plant morphological diversity 

(Risch 1981). In other instances, the presence of a particular plant species (e.g., species identity), 

rather than diversity, drives ecosystem functions. For example, in grassland ecosystems, the 

presence of nitrogen-fixing legume species was more predictive of plant productivity than 

species diversity (Tilman and Knops 1997). Plant species identity can also significantly influence 

the presence of particular insect pest species (Parry et al. 2015). 

In this study, we apply the framework derived from species-level research to assess 

whether varietal richness or varietal identity play a more important role in mediating 

agroecosystem functions in varietal mixtures. Specifically, we test two hypotheses: 1) varietal 

richness (i.e., diversity) drives the effect of mixtures on pest abundance and crop production, and 

2) varietal identity drives the effect of mixtures on pest abundance and crop production. Brassica 

oleracea is an ideal study system in which to address these questions as it encompasses a broad 

range of intraspecific trait variation, increasing our likelihood of detecting an effect of varietal 

mixtures. We take advantage of this trait variation to test our hypotheses across two different 

crop traits, plant morphology and color, which are known to influence landing and oviposition 

preference of cruciferous lepidopterans (Jankowska 2006, Tsuji and Coe 2014). Brassica 

oleracea crops are attacked by multiple pests, which also allows us to assess whether herbivore 

response to varietal mixtures is consistent across pest species. Specifically, we evaluate how 

mixtures of B. oleracea varieties that vary in morphology and color affect the abundance of two 
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cruciferous pest species common throughout North America—Pieris rapae and Plutella 

xylostella (Capinera 2014, Philips et al. 2014). In addition, we explore the effects of varietal 

mixtures on the quality and quantity of crop production by measuring crop damage and yield, as 

these are the services of ultimate importance to farmers. By identifying whether varietal richness 

or identity drive these effects, we aim to provide guidance on whether agricultural practitioners 

should maximize richness by growing as many varieties as possible or focus their efforts on 

increasing the abundance of a few key varieties that support pest suppression and crop 

production. 

 

MATERIALS AND METHODS 

COMMON GARDEN EXPERIMENTS 

We conducted two common garden experiments at the Homer C. Thompson Research 

Farm at Cornell University in Ithaca, NY from early June through early September 2016. The 

goal of the experiments was to examine the relative effect of varietal richness versus varietal 

identity across two plant traits, morphology and color.  

In the first experiment, we studied the effect of intraspecific variation in crop morphology 

using three varieties of B. oleracea: broccoli (var. italica cv. Bay Meadows), cabbage (var. 

capitata cv. Gonzales), and kale (var. acephala cv. Starbor). The harvestable portions of these 

varieties represent three different plant morphologies; the edible portions of broccoli are the 

flower stalk and immature flowers, while in kale and cabbage the harvestable portions are the 

leaves, which either grow separately or tightly clumped as a head. We manipulated varietal 

richness by growing broccoli, cabbage, and kale in all combinations from monocultures to three 

variety mixtures. In total, we had seven treatments: broccoli monoculture, kale monoculture, 

cabbage monoculture, kale-broccoli mixture, kale-cabbage mixture, broccoli-cabbage mixture, 

and broccoli-cabbage-kale mixture. As each variety represented a different plant morphology, we 

were able to test for an effect of varietal richness (i.e., one, two, or three variety mixtures), as 

well as test for identity effects by assessing whether the performance of particular combinations 
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of varieties (i.e., varietal composition) or the presence of a particular variety affected pest 

abundance, crop damage, and yield. To reduce variation in other crop traits such as plant 

chemistry, which can co-vary with color (Malenčić et al. 2012, Green et al. 2015), all three 

varieties used in the morphology experiment were green .  

We applied the same experimental design to the color common garden experiment using 

three varieties of cauliflower (var. botrytis): Graffiti (purple), Vitaverde (green), and Denali 

(white). We varied varietal richness by growing the three varieties of cauliflower in one, two, 

and three color mixtures. Our seven color treatments included: purple monoculture, green 

monoculture, white monoculture, purple-green mixture, purple-white mixture, green-white 

mixture, and purple-white-green mixture. Similar to the morphological experiment, our goal was 

to test for an effect of varietal richness (i.e., one, two, or three variety mixtures), as well as 

explore the role of identity effects by assessing whether varietal composition or the presence of a 

particular variety affected pest abundance, crop damage, and yield. The cauliflower varieties 

differed in color, but had the same leaf and head morphology, enabling us to independently test 

for effects of intraspecific color variation.  

In both experiments, treatments were replicated in 6 randomized blocks. All plots 

measured 4 x 4 m and contained 60 plants arrayed in 6 rows with 10 plants per row, for a total of 

2,520 plants per experiment. Plants were transplanted 45 cm apart with 76 cm between rows. 

Each row was planted with a single variety; when multiple varieties were present in a plot, 

varieties were planted in alternating rows. Within an experiment, plots were separated by 3 m 

and blocks by 6 m. The two experiments were separated by 12 m of bare ground. 

All seeds were procured from Johnny’s Seeds and grown in a Cornell greenhouse using 

Lambert planting media. While in the greenhouse, plants were fertilized weekly. After eight 

weeks in the greenhouse, plants were moved outdoors to harden for one week. All plants were 

nine weeks old at the time they were transplanted into the field in early June 2016. Prior to 

planting, a pre-emergent herbicide was applied to the field to reduce the effect of other naturally 

occurring plant species, and fertilizer and herbicide was applied according to current 
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recommendations (Ristow et al. 2007). During the experiment, plots were weeded by hand and 

mechanical cultivation was used between plots to reduce weed pressure as needed.  

Plants were left in the field to establish for two weeks before arthropod sampling began. 

The morphology experiment was sampled every other week between early July through early 

August (three sample events) and the color experiment every other week between late June 

through late July (three sample events). During each sample event, the inner 24 plants of each 

plot were visually inspected for P. rapae and P. xylostella. For P. rapae, we counted the number 

of eggs, larvae, and pupae on each plant. However, we excluded P. rapae pupae from our 

analysis as they occurred in extremely low numbers (morphology experiment n=21, color 

experiment n=7). For P. xylostella, we counted the number of larvae and pupae, but not eggs, as 

their small size (less than 0.5 mm in length) makes it difficult to accurately measure their 

abundance in the field. During visual inspections for arthropods, we also assessed pest damage 

on the inner 24 plants of each plot using a crop damage scoring metric that was standardized 

across all varieties. Plants were scored for damage on an ordinal scale from zero (no damage) to 

five (high damage) based on methods from Macharia, Lo, & Groote (2005) (Table 1). Once 

plants reached maturity, we harvested the inner 24 plants of each plot to assess yield by weighing 

the harvestable portion of each variety. To compare yield across treatments containing different 

varieties, we normalized the yield data by computing Z scores. 

 

STATISTICAL ANALYSIS 

We analyzed the two common garden experiments separately, but used identical 

statistical analyses for both, as outlined below. We used hypothesis-based models in R Statistical 

Software 3.4.4 (R Core Team 2017) to determine whether varietal richness or varietal identity 

affected arthropod pest abundance, crop damage, and yield. For all analyses, we examined plot-

level data and used restricted maximum likelihood (REML) to estimate variance parameters in 

linear mixed models (lme4 package, Bates, Maechler, Bolker, & Walker, 2015). 



78 

 

 For each experiment, we partitioned our analysis into two stages. In the first stage, our 

objective was to determine whether the level of varietal richness in a plot (one, two, or three 

varieties), regardless of varietal composition, affected pest abundance, crop damage, and yield. 

In the second stage of our analysis, we tested for an identity effect by determining whether 

varietal composition and/or the presence of particular varieties influenced arthropod pest 

abundance, crop damage, and yield. In both stages of analysis, our response variables included 

the abundance of P. rapae larvae and eggs, P. xylostella larvae and pupae, and crop damage and 

harvestable yield. We log-transformed the abundance of arthropods to improve normality and 

homogeneity of variance.  

 

Varietal Richness  

To address our first objective, we included varietal richness (three levels) as a fixed 

effect. For pest abundance and crop damage, our random effects included spatial block crossed 

with sample event. We used only spatial block as a random effect when analyzing yield, as plants 

were harvested once. Results are reported as Type III sum of squares. We also tested for 

significant differences between the three levels of varietal richness by estimating and comparing 

least-squares means using Tukey’s multiple comparison procedure with the lsmeans function in 

the lsmeans package (Lenth 2016).  

 

Identity Effects 

In the second stage of our analysis, we created linear mixed models with treatment as a 

fixed effect (seven levels for each experiment) to evaluate the effect of varietal composition on 

our response variables. As in the first stage of our analysis, we included spatial block crossed 

with sample event as random effects when analyzing pest abundance and crop damage, and 

spatial block as a random effect when analyzing yield. The effect of treatment is reported as a 

Type III sum of squares. To test for significant differences between treatments, we estimated and 

compared least-squares means using the lsmeans function in the lsmeans package with a Tukey’s 
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adjustment for multiple comparisons (Lenth 2016). To evaluate whether identity effects were at 

play, we compared the magnitude of response variables in one-variety treatments with their 

magnitude in two-variety and three-variety mixtures. If differences between multi-variety 

mixtures and monocultures of their components were not significant, an identity effect was 

implicated (Long and Finke 2014). To tease apart which varieties were responsible for any 

identity effects, we conducted preplanned contrasts to assess how treatments containing a 

particular variety influenced our response variables compared to treatments without that 

particular variety. If the magnitude of response variables was significantly different between 

plots with and without a particular variety, we would infer that particular variety was 

contributing to an identity effect (Long and Finke 2014).  

 

RESULTS 

To differentiate between the morphology and color experiments in our results, we will 

refer to varietal richness as either morphological richness or color richness and to varietal 

composition as either morphological composition or color composition. 

 

EFFECTS OF INTRASPECIFIC MORPHOLOGICAL VARIATION 

We found no significant effect of morphological richness on pest abundance, crop 

damage, or yield (Table S1). However, we found a significant effect of morphological 

composition on the abundance of P. rapae eggs (p<0.001; Fig. 1a; Table S2) and larvae 

(p<0.001; Fig. 1b; Table S2), and P. xylostella larvae (p<0.01; Fig. 1c; Table S2). In other 

words, the abundance of these pests varied significantly across the seven trait combinations. 

There was no effect on P. xylostella pupae (p=0.09; Table S2).  

Overall, the abundance of P. rapae eggs and larvae, and P. xylostella larvae varied 

significantly across single-trait plots (Fig. 1). Interestingly, the abundance of P. rapae eggs and 

larvae, and P. xylostella larvae was consistently higher in monocultures of broccoli than in 

monocultures of kale (Fig. 1). Furthermore, mixtures with two and three traits did not 
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consistently perform differently from their single trait components (Fig. 1). Taken together, these 

results suggest identity effects contributed to the observed differences across treatments. In 

particular, the three-trait treatment consistently had similar numbers of P. rapae eggs and larvae, 

and P. xylostella larvae as monocultures of broccoli (Fig. 1), suggesting broccoli in particular 

may have contributed to an identity effect. 

 When we compared pest abundance in mixtures that lacked a particular variety to those 

where the variety was present, we found further evidence of identity effects. In particular, we 

found a significantly lower abundance of P. rapae eggs (t = -3.34; p<0.01) and larvae (t=-2.2; 

p<0.05), and P. xylostella larvae (t=-3.27; p<0.01) in plots with kale compared to plots without 

kale (Fig. 2a). In contrast, plots with broccoli had significantly more P. rapae eggs (t=9.37; 

p<0.001) and larvae (t=5.33; p<0.001), and P. xylostella larvae (t=2.62; p<0.05) than plots 

without broccoli (Fig. 2b). These results provide support for a dominant role of kale and broccoli 

in the varietal mixtures. We found no significant differences between plots with and without 

cabbage.  

 The level of crop damage also varied significantly across the seven morphology 

treatments (p<0.001; Fig. 3; Table S2). As with pest abundance, the level of crop damage varied 

across single-trait plots, but there were no consistent differences in crop damage between multi-

trait mixtures and their components (Fig. 3). As with pest abundance, the largest difference in 

crop damage was between monocultures of kale and monocultures of broccoli (Fig. 3). 

Therefore, identity effects also appear to drive the effect of mixtures on crop damage. Comparing 

crop damage in plots with and without particular varieties provided further evidence for the role 

of varietal identity in mixtures, with kale emerging again as a dominant variety. Plots with kale 

received significantly less crop damage than plots without kale (t=-4.43, p<0.001; Fig. 4). 

Although plots with broccoli had significantly higher pest abundance than plots without broccoli, 

the presence of broccoli had no significant effect on crop damage. Despite the significant effect 

of morphological composition and identity on crop damage, we found no effect on yield (Table 

S2).  
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EFFECTS OF INTRASPECIFIC COLOR VARIATION 

Consistent with results from the morphology common garden experiment, we found no 

effect of color richness on our response variables (Table S3). However, in contrast to the effects 

of morphological composition on pest abundance, only P. xylostella larvae responded to color 

composition (p<0.01; Fig. 5; Table S4). We detected no effect of color composition on P. rapae 

larvae or eggs, or on P. xylostella pupae (Table S4). We found significant differences in the 

average abundance of P. xylostella larvae across single-trait plots, with the largest difference 

arising between monocultures of Denali (white) and monocultures of Vitaverde (green) (Fig. 5). 

There was also no consistent difference in the abundance of P. xylostella larvae between multi-

trait mixtures and their components (Fig. 5), which implicates an identity effect. When we 

compared P. xylostella larvae abundance in plots with a particular variety to plots without that 

variety, we found significantly more larvae in plots with Vitaverde than in plots without 

Vitaverde (t=2.16, p<0.05), providing further evidence of an identity effect (Fig. 6). We found 

no dominant effects of Graffiti (purple) or Denali varieties on pest abundance (Fig. 6). 

As in the morphology experiment, we found a significant effect of color composition on 

crop damage (p<0.001; Fig. 7; Table S4), but not on yield (Table S4). Again, identity effects 

appear to contribute to the effect of color composition on crop damage, as we found significantly 

higher levels of damage in plots with Vitaverde than in plots without Vitaverde (t=2.16, p<0.05), 

and significantly lower levels of damage in plots with Denali than in plots without (t=-2.02, 

p<0.05) (Fig. 8). We found no significant differences in crop damage between plots with and 

without Graffiti (t=-1.54; p=0.13; Fig. 8). 

 

DISCUSSION 

Varietal mixtures are increasingly recognized for their ability to enhance crop production 

in agroecosystems (Reiss and Drinkwater 2018), and show promise for supporting pest 

suppression services (Tooker and Frank 2012, Koricheva and Hayes 2018). Hypotheses 

developed from species-level research suggest these effects could be driven by diversity per se 
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(varietal richness) or by the presence of a particular variety (varietal identity) (Loreau et al., 

2001). Depending on the mechanism at play, in some instances the most effective management 

strategy may be to enhance varietal diversity, while in other cases it may be most advantageous 

to promote one particularly productive or pest resistant crop variety.  

In both the morphology and color experiment, we found strong evidence that identity 

effects, rather than varietal richness, drive pest abundance and crop damage in B. oleracea 

mixtures. Despite these effects on crop damage, we found no significant effect of varietal 

mixtures on crop yield, presumably because plants were able to compensate for this level of crop 

damage (Trumble et al. 1993). These findings were consistent across two crop traits, morphology 

and color. Interestingly, while P. xylostella responded to intraspecific crop variation in both the 

morphology and color experiment, we only observed an effect of varietal mixtures on P. rapae in 

the morphology experiment. The outcomes of our study should encourage thoughtful selection of 

varieties in production systems, as we demonstrate that incorporating particularly influential 

varieties can dictate plot-level pest dynamics. 

In the morphology experiment, we found significantly higher pest abundance and crop 

damage in plots with broccoli compared to plots without broccoli, and significantly lower pest 

abundance and crop damage in plots with kale compared to plots without kale. In contrast, we 

found no effect of morphological richness. These findings provide strong evidence that identity 

effects are responsible for the observed variation in pest abundance and crop damage across 

varietal mixtures in our morphology experiment. We suggest that variation in plant architecture 

could contribute to the contrasting effects of broccoli and kale on pest dynamics  (Cuddington 

and Yodzis 2017). The tightly clumped florets that comprise a head of broccoli may impede 

natural enemies locating pest larvae and eggs compared to the more open leaf structure of kale. 

In our study region, P. rapae and P. xylostella are hosts for several parasitoid species (Shelton et 

al. 2002), which have been shown to effectively suppress lepidopteran populations in brassica 

crops (Pimentel 1961a, Talekar and Shelton 1993, Herlihy et al. 2012b). Indeed, there is 

evidence that variation in plant morphology across B. oleracea varieties can affect the ability of 
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cruciferous pests to hide from natural enemies (Pimentel 1961b). Therefore, the complex 

architecture of broccoli relative to kale may have reduced biocontrol services in plots where 

broccoli was present. Insect pests can also differentiate between shades of a particular color. For 

example, green-yellow wavelengths tend to be more attractive to P. rapae adults than blue-green 

wavelengths (Kelber 2001). Thus, slight variations in the wavelength of the green kale variety 

and the green broccoli variety may have also contributed to the opposing effects of these 

varieties on pest dynamics.  

Similar to the results from the morphology experiment, identity effects mediated 

differences in pest abundance and crop damage across mixture combinations in the color 

experiment. However, intraspecific color variation only affected the abundance of P. xylostella 

larvae; we found no effect of color variation on P. rapae larvae or eggs, or P. xylostella pupae. 

Specifically, P. xylostella larvae were significantly more abundant in plots with green 

cauliflower (Vitaverde) than in plots without this variety. This effect translated into significantly 

higher crop damage in plots where green cauliflower was present compared to plots where it was 

absent. Previous studies have demonstrated that plant color is one of the most important host 

finding cues for P. rapae (Radcliffe and Chapman 1966, Dunn and Kempton 1976, Jankowska 

2006, Tsuji and Coe 2014). Therefore, it is somewhat surprising that P. rapae did not respond to 

intraspecific color variation in our study. We offer two potential explanations. The three 

cauliflower varieties we selected had different head colors, but similar leaf colors. It is possible 

that leaf color is a more important crop trait than head color for P. rapae. In addition, cauliflower 

head formation did not begin until the second pest sampling event, which means visual color 

effects likely did not manifest in time to influence P. rapae populations. In contrast to P. rapae, 

olfactory cues appear to play a more important role in host selection by P. xylostella (Couty et al. 

2006). Plant color can correlate with plant defense compounds (Malenčić et al. 2012, Green et al. 

2015), so it is possible that P. xylostella was attracted primarily by chemical cues associated with 

plots where green cauliflower was present. Interestingly, although there was no significant 

difference in pest abundance in plots with and without white cauliflower (Denali), plots with 
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white cauliflower had significantly lower levels of crop damage. There was a non-significant 

reduction in P. xylostella abundance in plots where white cauliflower was present, which may 

have contributed to reduced crop damage.  

Contrary to our expectations, we found no effect of varietal mixtures on crop yield in 

either the morphology or color experiment. This result differs from the findings of a recent meta-

analysis demonstrating that varietal mixtures enhanced crop productivity relative to their 

monoculture components (Reiss and Drinkwater 2018). There are a couple potential explanations 

for these contrasting results. One, the meta-analysis focused on mixtures of small grains and did 

not include varietal mixtures of vegetable crops. It is reasonable to assume that the ability of 

varietal mixtures to support yield services might vary across cropping systems. Moreover, Reiss 

& Drinkwater (2018) found that cultivar mixtures with four or more varieties had higher yields 

than mixtures with only two or three varieties. Therefore, it is also possible that our experiments 

lacked the level of diversity needed to elicit a yield response. Our finding that varietal mixtures 

did not influence yield is in line with a recent study suggesting that domestication may have 

limited the ability of crops to over-yield in high diversity environments, as many crop varieties 

have been under long-term selective pressure to achieve maximum yield in monoculture 

(Chacón‐Labella et al. 2019). It is important to note that marketable yield is determined by both 

crop quantity (yield) and quality (crop damage). While we did not find an effect of mixtures on 

crop yield, certain combinations of varieties significantly reduced crop damage, which suggests 

mixtures have the potential to affect profitability. 

Overall, we found mixed effects of varietal mixtures on pest control and crop damage in 

both experiments. In some instances, monocultures outperformed mixtures. Interestingly, this 

only occurred when mixtures contained the most susceptible variety (i.e., broccoli in the 

morphology experiment and Vitaverde in the color experiment), which underscores the 

importance of carefully selecting the varieties included in a mixture. For example, monocultures 

of cabbage and kale had significantly fewer P. rapae eggs than all of the mixtures containing 

broccoli (Fig. 1a). We also observed significantly fewer pests in monocultures of Denali (white) 
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compared to three-way mixtures of Denali, Graffiti (purple), and Vitaverde (green) (Fig. 5). In 

other instances, varietal mixtures were beneficial. For example, growing broccoli with kale 

significantly reduced crop damage relative to broccoli monocultures (Fig. 3). We found a similar 

effect in the color experiment where mixtures of Vitaverde and Graffiti had significantly less 

crop damage compared to monocultures of Vitaverde (Fig. 7). These findings suggest that while 

monocultures may be superior to mixtures in some instances, they can also be detrimental if the 

wrong variety is selected.  

Despite advantages of monocultures in some scenarios, mixtures can be important for 

achieving other production goals. By growing varieties with different maturation times, farmers 

can spread out labor demands and extend the harvest period (Clawson 1985), which could be 

particularly useful for small-scale farmers that rely mostly on manual labor. For example, while 

cabbage-kale mixtures did not reduce pest abundance or crop damage relative to their component 

monocultures, this mixture combination could allow farmers to access different markets; cabbage 

can only be harvested once, whereas kale can be harvested multiple times throughout a growing 

season. Therefore, production goals other than pest management or yield may motivate growers 

to implement varietal mixtures. 

We tested the relative effects of varietal richness and varietal identity across two crop 

traits, morphology and color, which influence cruciferous pests (Pimentel 1961b, Jankowska 

2006, Ahuja et al. 2011). However, B. oleracea crops vary in many traits important to plant 

resistance against insect pests, such as leaf texture and chemical profiles (Ahuja et al. 2011, 

Peterson et al. 2016), and we did not explore their role. Most research on plant functional 

diversity has focused on interspecific plant diversity (Hooper et al. 2005), while relatively few 

studies have explored which crop traits are responsible for plant intraspecific diversity effects on 

insect herbivores (Abdala-Roberts et al. 2016, Moreira et al. 2016). We recommend future 

studies vary the level of functional trait richness separately from varietal richness to elucidate the 

effect of functional trait diversity in varietal mixtures. 
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Our finding that varietal identity, rather than varietal richness, mediates pest abundance 

and crop damage implies that, in this system, management strategies that enhance the abundance 

of influential varieties will be more effective than those focused on maximizing diversity per se. 

Therefore, to leverage the services that can be provided by varietal mixtures, we should strive to 

identify and manage the right kind of diversity. However, maintaining varietal diversity remains 

important for preserving sources of genetic diversity that may be important in the development 

of future crop varieties. For instance, maintaining a high diversity of crop traits increases 

adaptability to climatic or biotic stresses by preserving desirable traits such as drought tolerance 

or pest resistance for crop breeding. Moreover, there is evidence that species with a co-selection 

history in diverse mixtures maximize functional trait divergence and exhibit stronger biodiversity 

effects compared to species selected for in simplified systems (Zuppinger-Dingley et al. 2014). 

Therefore, current simplified crop breeding schemes may be limiting our ability to achieve 

biodiversity effects in modern day crops (Chacon-Labella et al. 2019). Re-establishing genetic 

variation in breeding programs could strengthen the development of traits that contribute to pest-

resistance and productivity, and enhance ecosystem services in varietal mixtures (Chacon-

Labella et al. 2019). 
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Crop damage score Damage description 

0 

No damage, or minor leaf damage restricted to a few, small partial 

holes (leaf tissue is not fully punctured) on the non-harvested portion 

of the crop 

1 A few small holes restricted to the non-harvested portion of the crop 

2 

Considerable damage to the outer and older leaves, slight damage to 

the harvested portion of the crop 

3 

Considerable damage to the outer and older leaves, moderate damage 

to the harvested portion of the crop 

4 

Considerable damage to the entire plant, but a portion of plant could 

still be marketable after damaged areas are removed 

5 Severe plant damage that renders the crop unmarketable 

 

Table 3.1. Description of crop damage scoring. Methods based on Macharia et al. (2005). 
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Figure 3.1: The effect of morphological composition on the abundance of P. rapae eggs (a) and 

larvae (b), and P. xylostella larvae (c) (mean ± SE). Means with different letters are significantly 

different at the p < 0.05 level based on least-squares means with a Tukey’s adjustment for 

multiple comparisons. Figure is plotted on the log-transformed scale, but labeled with 

untransformed values. 
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Figure 3.2: The average number of pests in plots where kale is present or absent (a) and where 

broccoli is present or absent (b). We assessed the effect of the presence of a particular variety by 

using specific model contrasts to compare the mean of the four treatments with a given variety to 

the mean of the three treatments without that variety. Values plotted using raw data (means ± 

SE) and significance levels determined based on model outputs. Asterisks indicate significant 

differences in pest abundance at the p < 0.05 level. 
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Figure 3.3: The effect of morphological composition on crop damage (mean ± SE). Means with 

different letters are significantly different at the p < 0.05 level based on least-squares means with 

a Tukey’s adjustment for multiple comparisons.  
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Figure 3.4: Average crop damage when each variety is present or absent. We assessed the effect 

of the presence of a particular variety by using specific model contrasts to compare the mean of 

the four treatments with a given variety to the mean of the three treatments without that variety. 

Values plotted using raw data (means ± SE) and significance levels determined based on model 

outputs. Asterisks indicate significant differences in crop damage at the p < 0.05 level. 
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Figure 3.5: The effect of color composition on the abundance of P. xylostella larvae (mean ± 

SE). Means with different letters are significantly different at the p < 0.05 level based on least-

squares means with a Tukey’s adjustment for multiple comparisons. Figure is plotted on the log-

transformed scale, but labeled with untransformed values. 
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Figure 3.6: The average number of P. xylostella larvae when each variety is present or absent. 

We assessed the effect of the presence of a particular variety by using specific model contrasts to 

compare the mean of the four treatments with a given variety to the mean of the three treatments 

without that variety. Values plotted using raw data (means ± SE) and significance levels 

determined based on model outputs. Asterisks indicate significant differences in pest abundance 

at the p < 0.05 level. 
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Figure 3.7: The effect of color composition on crop damage (mean ± SE). Means with different 

letters are significantly different at the p < 0.05 level based on least-squares means with a 

Tukey’s adjustment for multiple comparisons.  
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Figure 3.8: Average crop damage when each variety is present or absent. We assessed the effect 

of the presence of a particular variety by using specific model contrasts to compare the mean of 

the four treatments with a given variety to the mean of the three treatments without that variety. 

Values plotted using raw data (means ± SE) and significance levels determined based on model 

outputs. Asterisks indicate significant differences in crop damage at the p < 0.05 level. 
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APPENDIX 

Chapter 2 Supplementary Material 

 

Input Categories 

Fertility Pest Weed 

Blood meal Entrust Hay 

Chicken manure Protectnet Straw bale mulch 

Feather meal Pyganic Weed cloth 

Foliar kelp extract Row cover Wood chips 

Green sand     

Organic compost     

Organic fish emulsion     

Organic phosphorus 

fertilizer     

 

Table 2.S1: List of inputs included in the crop budget analysis. These inputs are representative 

of those used across all farms included in the study. 
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Crop damage score Damage description 

0 

No damage, or minor leaf damage restricted to a few, small partial 

holes (leaf tissue is not fully punctured) on the non-harvested portion 

of the crop 

1 A few, small holes restricted to the non-harvested portion of the crop 

2 

Considerable damage to the outer and older leaves, slight damage to 

the harvested portion of the crop 

3 

Considerable damage to the outer and older leaves, moderate damage 

to the harvested portion of the crop 

4 

Considerable damage to the entire plant, but a portion of plant could 

still be marketable after damaged areas are removed 

5 Severe plant damage that renders the crop unmarketable 

 

Table 2.S2: Description of crop damage scoring. Methods based on Macharia et al. (2005). 
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CROPLAND 

Season Scale (m) r Significance 

Early Season 500 0.1 0.16 

Early Season 1000 0.14 0.14 

Early Season 1500 0.14 0.18 

Late Season 500 0.11 0.85 

Late Season 1000 0.11 0.7 

Late Season 1500 0.07 0.45 

 

Table 2.S3: Test of spatial autocorrelation of percent cropland at farm sites within three spatial 

scales (500, 1000, and 1500 m) in the early and late season. Shown are the results of Mantel tests 

that analyze the relationship between the Euclidean distance of sites—based upon latitude and 

longitude—and the difference in percent cropland at each spatial scale. 
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Season 

 

 

 

 

Response Variable 

 

 

 

 

r 

 

 

 

 

Significance 

Early Season Flea beetle abundance 0.009 0.33 

Early Season Crop Damage 0.21 0.08 

Late Season P. rapae larval abundance -0.09 0.88 

Late Season Crop Damage 0.03 0.29 

 

Table 2.S4: Results of Mantel tests to evaluate spatial autocorrelation between farm fields and 

response variables in the early and late season. 
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VARIETAL 

RICHNESS 

COLOR 

RICHNESS 

PERCENT 

CROPLAND 

VARIETAL 

RICHNESS X 

CROPLAND 

COLOR 

RICHNESS X 

CROPLAND 

Response 

Variable 

Explanatory 

Scale (m) 

Model 

AIC 

estimate P estimate P estimate P estimate P estimate P 

Early Season 

Flea Beetle 

Incidence 

500 1272.5 3.450 0.035 0.184 0.953 20.094 0.167 -9.902 0.020 -1.803 0.846 

1000 1269.7 4.642 0.011 -1.588 0.642 18.795 0.121 -12.845 0.007 3.109 0.743 

1500 NA NA NA NA NA NA NA NA NA NA NA 

Early Season 

Flea Beetle 

Abundance 

500 5308.8 0.551 0.268 -0.326 0.770 0.749 0.895 -1.493 0.247 0.885 0.798 

1000 5307.4 0.854 0.134 -0.782 0.488 0.228 0.956 -2.259 0.129 2.111 0.503 

1500 5308.1 0.791 0.193 -0.665 0.561 0.983 0.818 -2.016 0.187 1.551 0.625 

Late Season  

P. rapae 

Incidence 

500 1306.6 -2.543 0.002 -0.222 0.921 -21.126 0.133 6.993 0.004 -0.802 0.915 

1000 1310.9 -1.724 0.027 -0.112 0.949 -11.403 0.273 4.459 0.055 -2.111 0.691 

1500 1312.7 -1.362 0.079 0.196 0.907 -5.442 0.611 3.513 0.151 -3.304 0.555 

Late Season  

P. rapae 

Abundance 

500 954.2 0.087 0.646 -1.353 0.001 -6.687 0.015 -0.283 0.618 3.724 0.009 

1000 956.5 0.043 0.834 -1.000 0.023 -4.489 0.088 -0.079 0.893 2.165 0.112 

1500 957.9 0.115 0.59 -0.828 0.056 -2.968 0.249 -0.325 0.616 1.814 0.209 
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Table 2.S5: Effect of local-scale predictors (varietal richness and color richness), percent cropland, and the two-way interactions 

between the local-scale predictors and percent cropland on the incidence and abundance of flea beetles and P. rapae. Results from the 

Binomial model (incidence) and the Poisson model (abundance) evaluating the effect of intraspecific crop diversity and landscape 

composition on pest incidence and abundance. Bold type highlights significant p-values and lowest AIC values, indicating the most 

predictive spatial scale. 
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VARIETAL 

RICHNESS COLOR RICHNESS 

Response variable Estimate 

Uncorrected 

p values Estimate 

Uncorrected 

p values 

Corrected 

p values 

Profitability -0.580 0.421 1.848 0.014 0.042 

Revenue 0.064 0.855 0.289 0.002 0.008 

Labor Cost -0.014 0.542 -0.034 0.033 0.066 

Input Cost -0.471 0.312 -0.457 0.068 0.068 

 

Table 2.S6: Effect of varietal richness and color richness on profitability, revenue, labor costs, 

and input costs. Results from linear mixed effects models evaluating the potential for 

intraspecific crop diversity to support economic services for growers. Bold type shows 

significant p-values.  
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Figure 2.S1: The relationship between percent cropland (500 m) and the abundance of P. rapae 

larvae. 
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Chapter 3 Supplementary Material 

 

 

Morphological Richness 

Response Variable Numerator df Denominator df SS F P 

Pieris rapae eggs 2 121 3.61 2.6 0.08 

Pieris rapae larvae 2 116 1.09 1.47 0.23 

Plutella xylostella larvae 2 116 0.64 0.97 0.38 

Plutella xylostella pupae 2 123 0.38 0.55 0.58 

Crop damage 2 116 0.75 2.44 0.09 

Crop yield 2 34.19 0.18 0.48 0.62 

 

 

Table 3.S1: Results (F-statistics with degrees of freedom, sum of squares, and P-values) from 

linear mixed models testing for the effect of morphological richness on arthropod pest 

abundance, crop damage, and yield.  
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Morphological Composition 

Response Variable Numerator df Denominator df SS F P 

Pieris rapae eggs 6 117 39.29 15.88 <0.001 

Pieris rapae larvae 6 112 10.70 6.00 <0.001 

Plutella xylostella larvae 6 112 6.34 3.62 <0.01 

Plutella xylostella pupae 6 119 3.70 1.88 0.09 

Crop Damage 6 153 5.37 5.83 <0.001 

Crop Yield 6 30 1.10 1.01 0.44 

 

 

Table 3.S2: Results (F-statistics with degrees of freedom, sum of squares, and P-values) from 

linear mixed models testing for the effect of morphological trait composition on arthropod pest 

abundance, crop damage, and yield.      
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Color Richness 

Response Variable Numerator df Denominator df SS F P 

Pieris rapae eggs 2 118 0.52 0.42 0.66 

Pieris rapae larvae 2 118 0.10 0.08 0.92 

Plutella xylostella larvae 2 118 1.25 1.26 0.29 

Plutella xylostella pupae 2 123 0.21 0.42 0.66 

Crop damage 2 118 0.17 0.33 0.72 

Crop yield 2 34 0.39 1.04 0.36 

 

 

Table 3.S3: Results (F-statistics with degrees of freedom, sum of squares, and P-values) from 

linear mixed models testing for the effect of color richness on arthropod pest abundance, crop 

damage, and yield.      
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Color Composition 

Response Variable Numerator df Denominator df SS F P 

Pieris rapae eggs 6 112 2.72 0.92 0.48 

Pieris rapae larvae 6 112 1.10 0.64 0.70 

Plutella xylostella larvae 6 112 8.30 3.45 <0.01 

Plutella xylostella pupae 6 117 1.39 1.27 0.28 

Crop damage 6 112 468 4.71 <0.001 

Crop yield 6 30 0.87 0.74 0.62 

 

 

Table 3.S4: Results (F-statistics with degrees of freedom, sum of squares, and P-values) from 

linear mixed models testing for the effect of color trait composition on arthropod pest abundance, 

crop damage, and yield.      

 


