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ABSTRACT 

The conceptualization of agricultural sustainability has become increasingly complex. 

Sustainable food production must account for multiple societal imperatives, including meeting the 

nutritional needs of a growing population, adapting to climate change and mitigating its effects as 

well as preserving biodiversity in support of natural ecosystems. Ecosystem services refer to the 

multiple benefits, which humanity obtain from ecosystems. To address challenges facing 

agriculture, sustainable practices have been developed through scientific research. My dissertation 

explores the case of cover cropping for perennial systems, as one such science-based practice 

developed to support agricultural sustainability. Cover crops are plant species that are seeded in 

addition to the main food crop in agro-ecosystems. Prior literature demonstrates that cover crops 

can improve nutrient cycling and other soil properties, and can also bring other services, such as 

refuge for beneficial insects and the suppression of weed species. Despite considerable scientific 

evidence, there remains low adoption of cover crops in global agriculture. I believe that major gaps 

between the establishment of scientific evidence and the actual uptake of sustainable practices 

hinders progress. In the case of cover crops, this lag may in part be due to remaining data gaps 

hampering the successful establishment and use of the practice. However, I suggest that lack of 

adoption is due less to large gaps in knowledge, and more a result of conflicting ecosystem service 

valuation systems among stakeholders. In Chapter 1, I present the results of a farmers’ survey 

specific to almond production in California. The purpose of this survey was to better understand 

the factors that affect the decision to use cover crops for almond farmers. Results indicate that 

while most farmers recognize the many ecosystem services of the practice, concerns over water 

use and economic costs of the practice can dissuade farmers from adopting the practice. However, 

the perception of cover crop outcomes was not uniform among farmers. Our results reveal distinct 
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systems of ecosystem service valuation, determined by farm size and regions of California 

(Sacramento Valley, North San Joaquin Valley and South San Joaquin Valley). In Chapter 2, I 

conducted a systematic review of cover crop literature to explore scientific rationales for cover 

cropping. Our analysis of researchers’ knowledge pathways indicates two distinct systems in the 

valuation of cover crop services: a biological management approach, which considers ecological 

conservation as inherently valuable, irrespective of immediate profitability, and a nutrient 

management approach, which prioritizes resource conservation for sustainable crop production. 

Our results highlight different conceptualizations of agricultural sustainability within literature. 

Chapter 3 explores how cover crop ecosystem service frameworks vary across commodity types. 

Our analysis reveals different systems of ecosystem service valuation specific to commodity types 

and their diverse approaches to agricultural sustainability. Certain commodities (i.e., olive and 

vineyard systems) focused on cover crop outcomes specific to water use services whereas others 

prioritized biological control services. These findings emphasize the need to reflect stakeholder 

priorities in the design of ecosystem service frameworks, to inform their decision to cover crop. 

This work supports the development of data-based decision-making systems, which reflect diverse 

approaches to agricultural sustainability.  
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Chapter 1: Growers’ regional tradeoff analysis of cover cropping and impact on its 

adoption in California almond systems 

 

Abstract 

The positive relationship between biodiversity and ecosystem function observed in natural 

ecosystems suggests that increasing plant diversity in agroecosystems through cover cropping 

could enhance multiple ecosystem services (ES) simultaneously. Due to their multi-strata 

architecture and perennial nature, orchard agroecosystems provide unique opportunities to support 

a wide breadth of ecosystem services. The first records of almonds (Prunus dulcis (Mills.) D.A. 

Webb) planted in California’s Central Valley date back to 1853. The growth of the California 

almond industry is intricately linked to the state’s socio-ecological history and, particularly, its 

development of large-scale infrastructures to sustain agricultural growth. The California almond 

industry now accounts for 84% of the global production. In agriculture, a stark temporal gap often 

exists between the establishment of scientific findings and the uptake of sustainable agricultural 

practices. Despite nearly a century of cover crop research in California orchard systems, cover 

cropping was never widely implemented in the Central Valley. In a survey of almond growers, we 

explore the socio-ecological drivers of this lag in adoption in California. Our results bring to light 

the multidisciplinary dimension of growers’ decision process in the adoption and continued use of 

cover crops. Willingness to adopt cover cropping was determined by growers’ assessment of 

opportunity costs and risk aversion rather than by their perception of ecosystem service gains. In 

particular, the evaluation of economic setbacks and associated water costs differed substantially 

between adopters and non-adopters. Among cover crop adopters, we observe wide variation in 

management practices and rationales for cover cropping. Poor germination limited growers’ 
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continuation of the practice. Our results reveal distinct systems of ES prioritization, determined by 

farm size and region in California (Sacramento Valley, North San Joaquin Valley and South San 

Joaquin Valley). We highlight a need to identify best-suited species and to develop optimized 

cover crop designs, in support of local seed providers. Solely top-down monetary incentives would 

not adequately address current barriers to cover crop adoption, which remain socio-ecological in 

nature. Our results highlight the important role of extensionists and practitioners in bridging social 

and ecological systems in favor of sustainable agriculture. 

 

Introduction 

Almond is one of California’s most important crops (Sumner et al., 2014), with an 

estimated output of $21.5 billion to California’s economic activity. Despite evidence of the 

benefits of cover cropping on other woody perennial systems globally, cover cropping has never 

been widely implemented in California (CA). Recognizing California’s unique agro-

environmental history is central to understanding how cover crop adoption evolved in CA almond 

systems.  

CA is the home of environmental pioneers: John Muir (1838-1914), founder of the US 

National Parks and renowned ecologist, Mary Hunter Austin (1868-1934), acclaimed 

environmental novelist and Gary Snyder (1930-present), a distinguished writer and environmental 

activist. Key written work foundational to American environmental history emerged from the 

minds and sensitivities of Californian pioneers (Guthman, 1998). As a state, CA demonstrated an 

early engagement in the politics of conservation and environmental protection and is now at the 

forefront of climate change policies and the Climate Smart Agriculture discourse in the United 
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States (Pathak et al., 2018; Lewis & Rudnick, 2019). It was the first state to certify organic 

agriculture.  

CA is also un-paralleled in its manipulation of the natural environment. Through the 

Central Valley Project, started in 1933, CA has effectively diverted water resources across the state 

through a complex network of federal, state, and local infrastructures, allowing for vast acreages 

to be claimed for agriculture. CA’s agrarian history is particularly exceptional in that it was never 

predominantly constituted of small landholders. Instead, large-scale landholdings emerged as the 

legacy of Spanish and Mexican land grant systems and were subsequently reinforced by Gold-

Rush generated wealth (Guthman, 1998). These immense landholdings were originally utilized for 

large-scale wheat production and grazing until the droughts of the late 1800s, which instigated the 

redistribution of land into smaller tenancies. Then between 1890-1914, facilitated by the emerging 

technical expertise of immigrants, development of irrigation projects, cooperative marketing and 

cheap labor, Californian land was gradually converted into intensive specialty crop farms and high-

value perennial production systems (Siebert, 2003).  

The first records of almonds (Prunus dulcis (Mills.) D.A. Webb) planted in CA date back 

to 1853 (Wickson, 1889). Even though it was recognized that irrigation could enhance almond 

productivity, growers did not start using irrigation until the 1930s (Wood, 1937). Major growth in 

almond production occurred from 1964 to 1985, supported by almond post-harvest product 

development and strong marketing schemes. Californian agriculture particularly benefited from 

the early development of unified growers’ organizations, many of which were commodity-based. 

These unions played an important role in regulating their growing industries. One such 

organization was the Almond Board of California (ABC), founded in 1950 as a non-profit 

organization that substantially contributed to the expansion of the almond industry. Such 
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commodity-based grower organizations participated in shaping irrigation districts, resulting in 

increased irrigated land, a key factor in facilitating the expansion of high-value specialty crops in 

the Central Valley (Johnston, 2003). With vertical integration, water rights acquisitions and 

immense wealth potential in almond production, farm management structures stratified making 

way for tenant and contract farming, thereby making it possible for key stakeholders to live 

remotely from the land (Arax, 2019). Today, the CA almond industry continues its relentless 

growth: it now encompasses 1,530,000 acres and accounts for 84% of the global production 

(Almond Board of California, 2011).  

Central to California’s agricultural growth is the state’s early development of strong 

science-based extension through the Land Grant and Cooperative Extension systems built by the 

Morrill Acts of 1962-1890, the Hatch Act of 1887, and the Smith-Lever Act of 1914. These 

information structures spurred the early experimentation of cover cropping in almond. Early 

records of cover crop trials in orchard systems date back to the 1920s, conducted by the University 

of California Cooperative Extension (UCCE) (Figure 1.1 & 1.2). Growers’ objectives in the early 

use of cover crops in the understories of orchards were “soil conservation and to prolong the life 

of agriculture” (Kell & McKee, 1936). However, due to concerns over potential increases in water 

usage and the provision of refuge for pests, combined with the advancement of synthetic fertilizers 

in the 1900s, cover crops were largely abandoned. In 1994, the BIOS project (Biologically 

Integrated Orchard Systems) led by a growers’ alliance (CAFF) built upon previous efforts and 

developed participatory growers’ networks to demonstrate the possibility for pesticide and 

synthetic fertilizer reduction by cover cropping. In contrast with early records of soil-focused 

objectives for cover cropping, BIOS explored other associated ecosystem services, particularly the 

biological control of insect pests as a key motive to adoption (Bugg et al., 1994). However, despite 
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early efforts to adapt this practice to Californian almond systems, there is still low adoption of 

cover cropping, due to remaining concerns, and the forceful pull towards industrialized models to 

optimize yields. A recent survey by the Almond Board of California indicates that in 2016 only 

about 6% of almond growers include cover crops in their farming systems (ABC Sustainability 

Survey, 2017).  

Despite scientific evidence of the benefits of cover cropping, lags in cover crop adoption 

have been reported in many parts of the United States (USDA, 2017). We consider that the gap 

between scientific evidence and the actual uptake of sustainable practices hinders progress. 

Surveys have been conducted to identify farmers’ concerns and the actual barriers of cover 

cropping (O’Connell et al., 2015; Moore et al., 2016; Dunn et al., 2016; Roesch-McNally et al., 

2018). These works are important to identify the needs of farmers and to inform the development 

of cover crop research. However, as most farmers’ surveys have been focused on annual systems, 

there remain important knowledge gaps specific to perennial systems and to Californian farmland. 

We believe that understanding farmers’ concerns and needs with regards to cover cropping is key 

to address existing lags in adoption. 

The objective of our study was (1) to determine differences in users and non-users’ 

perception of benefits and tradeoffs of cover cropping, (2) to identify how grower characteristics 

(geographical location and farm size) influence the perception of benefits and tradeoffs, and 

thereby adoption, (3) to survey currently-used cover crop management practices in almond 

orchards, (4) to identify the most important sources of information about cover crops for growers, 

and (5) to define most important knowledge gaps to inform research on cover crop adoption in 

almond production in the Central Valley. Respondents were asked to evaluate the importance of a 

suite of cover crop benefits pertaining to ecosystem regulating services (water infiltration and 
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retention, soil structure and field access and soil health), supporting services (pollinator habitat, 

aboveground pest control (navel orangeworm (Amyelois transitella (Walker)(NOW))), 

belowground pest control and weed control) and provisioning services (tree nutrition) (MEA, 

2005). The information drawn from this survey will provide a platform to tailor research agendas, 

so as to bring relevant and applicable information that addresses growers’ data needs. Finally, this 

research will provide valuable information for the development of effective policy measures as 

well as guide future science extension efforts. 

 

Materials and Methods 

Survey design  

A questionnaire was designed in 2017 following the Tailored Design Method (Dillman et 

al., 2008) and using Qualtrics ©, a cloud-based survey software. Participation was anonymous and 

voluntary. Questions were chosen to meet four main objectives. In a first section, respondents were 

asked to evaluate potential opportunities provided by cover cropping in almond systems. This 

section identified motivators of non-users (perceived benefits) and of current users (perceived 

benefits and realized benefits following implementation) for cover cropping. In a second section, 

respondents were asked to define potential barriers respective to (1) ecosystem tradeoffs, which 

could offset short-term agronomic productivity, (2) the practicality of integrating cover cropping 

operations in almond orchard systems and (3) potential economic setbacks of cover cropping. In a 

third section, questions provided insight on currently-used cover crop management practices 

across the Central Valley and their respective popularity among users. In a final section, the survey 

ranked farmers’ performance among a list of information sources. Growers were asked to assess 

current gaps in knowledge, which could be considered as information barriers to cover crop 
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adoption. Questions included Likert-scale, ranking, binary, multiple and single choice, and open-

ended questions. A copy of the survey questions is available in Appendix A - Supplementary 

Information 1.1.  

 

Survey respondents 

The target group of respondents are individuals involved in the decision-making process 

of almond farms: owners, managers and/or operators. The target group of respondents did not 

include external farm advisors nor extension specialists. Respondents of the survey were asked to 

identify themselves as either users or non-users of cover crops. Two separate questionnaires were 

developed to target each audience. Questions addressed to both users and non-users sought to 

identify perceived benefits and concerns associated with cover cropping. The questionnaire 

addressed specifically to users included questions relating to their experience with cover crops 

(types of crops grown, proportion of the land with cover crops, annual or perennial, winter or 

spring, single or multi-species mix) and to their management practices (seeding date and date of 

termination). The definition of users specified in the survey was: “growers having cover crops 

grown on either part or all of their acreage with a minimum of 1 acre, in at least one growing 

season in the past five years”. Respondents were not incentivized nor compensated for completing 

the survey. Considering that relative benefits and tradeoffs of cover crops may vary among CA’s 

ecozones, respondents were asked to identify the county in which they grow almonds.  

 

Survey distribution 

An IRB human subjects’ approval was obtained for this study for the graduate student and 

PI. The survey questions were communicated to the Almond Board of California and sent for 
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distribution in December 2017. The paper-version of the survey was distributed for two years at 

the Almond Board of California Annual Conference. An online version was also made available 

through a UC Davis project website. On 06/30/2019, the survey was also communicated in an 

online UCCE extension post through the Almond Doctor website. Paper-versions of the survey 

were distributed through UCCE almond-specific growers’ workshops and outreach events. The 

survey was also communicated through the Western Farm Press, the Almond Board of California 

Newsletter, the Blue Diamond Growers Newsletter, Resource Conservation Districts (RCDs), and 

UCCE County Newsletters. Survey distribution ended in December 2019. Overall, distribution 

reached over 3,500 growers in CA.  

 

Quality check processing 

Data extraction for survey analysis occurred on January 7th, 2020 at 12:56 PM. Of a total 

of 174 responses, 90 passed the quality check process, all of which were online surveys. As a first 

step, Qualtrics survey previews were removed from the dataset. Incomplete questionnaires with 

less than 45% completion were removed. Of the remaining surveys, 35% did not meet the survey 

prerequisites: (1) respondents’ primary activity must be almond farming and (2) their almond 

acreage must be of at least 1 acre. Surveys for farming operations outside of CA (i.e., Spain, 

England and Qatar) were removed. Based on the redundancy of IP addresses, duplicate responses 

from identical farm operations were removed. If multiple IP addresses were identical, we kept the 

one response that contained: (1) the greatest answer completion and (2) the most recent 

submission. Of the remaining dataset, we removed incomplete surveys for which the response 

duration was below four minutes, as we estimated this could compromise the quality of the 

response. Finally, data conversion and extraction were verified, and errors (<1% of answers) were 
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corrected. The final dataset had responses with complete usage group identification, geographical 

region and/or farm acreage, and were thereby usable for response group analyses.  

 

Survey analyses 

Both qualitative and quantitative analyses were used to interpret the response dataset. For 

Likert-scale questions, the average importance score was calculated as a sum of points: the answer 

“not important” was given 0 points, “somewhat important” corresponded to 1 point and “most 

important” was 2 points. The same relative scale was used for knowledge-scale and improvement-

scale questions. The Mann-Whitney Wilcoxon test was then used to compare categorical groups. 

For multiple choice type questions, contingency tables and Chi-squared tests were built to test the 

association between categorical variables: usage or non-usage of cover crops, small or large farm 

acreage, and geographical region. When the number of observations in each cell violated the 

assumptions of the Chi-squared, the Fisher exact test was used as an alternative method. Statistical 

tests were considered significant at P<0.05. All statistical analyses were conducted using JMP Pro 

14 Statistical Visualization Software (SAS Institute Inc.). 

For each response, farm geographical position, user group and farm size were mapped 

based on reported zip codes, using Tableau ® Data Analytics and Visualization Software 

(2020.2.1). User groups were defined by whether respondents used cover crops in their orchard. 

Therefore, this did not differentiate floor management practices for multiple land parcels within 

one farm. As such, the reported cover cropped acreage for CA almond may either over or under-

represent the actual acreage per management practice: cover cropped or unseeded orchard floors. 

Indeed, the objective was to visualize scales of operations and management structures distributed 

across the Central Valley. Growers who reported acreages in more than one zip code were 



 10 

categorized either by their largest orchard in Figure 1.3 or as separate landholdings in Figures 1.4 

and 1.5. In Figures 1.6 and 1.7, statistical analyses determining the influence of geographical 

location on cover crop perception was based on the zip code of the largest acreage of each 

respondent. Small and large farm distributions were based on total acreage owned by farm. The 

“small farm” was defined as having less than or equal to 420 acres whereas the “large farm” 

category included all farms of more than 420 acres (Figures 1.8 and 1.9). This categorization 

followed the process used by Khalsa & Brown (2017). One respondent reported >1000 acres, 

which was replaced by 1001 acres for analytical purposes. Of the farm acreages reported, none 

were of the scale of the largest almond operation in CA. 

 

Results 

Farm background and growers’ analysis of cover crop benefits 

We sent the survey (total of 64 questions) to more than 50% of CA’s 6,800 almond farms 

through our distribution efforts. The response rate was estimated at about 5% (178 responses) and 

usable survey responses represented about 1% (90 respondents). Of respondents, a proportion of 

55% reported using cover crops in their orchards and 58% use organic matter amendments, with a 

significantly greater probability of growers, using cover crops, if they also used organic 

amendments (Fisher’s exact test, P=0.01). This suggests a potential predisposition of respondents 

towards innovative practices.  

Interestingly, regardless of categorical group (cover crop usage, geographical location, or 

farm size), all respondents recognize that cover cropping in almond orchards presents potential 

benefits (Figures 1.6, 1.8 and 1.10). Across all groups, growers’ primary interest in growing cover 

crops was directed towards agronomic benefits, as opposed to operational or economic gains. 
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Furthermore, all groups placed supporting and regulating benefits at the forefront of cover crop 

interests. Overall, growers’ greatest interest was for (1) soil structure and field access, (2) soil 

health, (3) pollinator habitat, (4) water infiltration and retention. Comparing users and non-users 

of cover crops, there were minimal differences in the perception of benefits (Figure 1.10). The 

only significant difference found was in the importance given to (1) soil structure and field access 

and (2) soil health (P=0.01 and P=0.02, respectively), with cover crop users attributing greater 

importance to these services.  

 

Influence of geographical location on growers’ analysis of cover crop concerns  

Survey locations were distributed across the Central Valley with the majority (53%) 

located in the North San Joaquin Valley (NSJV) region. Total cumulative almond acreage reported 

was 112,754 acres with an average landholding size of 1,162 acres (Figure 1.5). Interestingly, the 

average farm size varied widely by region: the average farm size in the NSJV was 433 acres 

whereas it exceeded 1,400 acres for both the Sacramento Valley (SV) and South San Joaquin 

Valley (SSJV) (Figure 1.5). However, there was greater participation of growers in the NSJV, with 

more than twice the number of participants, than the SV and SSJV regions. Due to a larger size of 

the landholdings, the total farm acreage surveyed in the SV and SSJV were ~1.5 times that of 

NSJV. This difference in landholding scale and acreage of the respective regions suggest potential 

differences in farm managerial structure and stratification as well as top-down decision processes, 

which may affect decisions regarding cover crops. Furthermore, differences in scale of 

landholdings may imply variation in farms’ margins-of-error and market price dependency 

influencing growers’ level of risk aversion relative to these production systems. It is important to 
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note that our survey results for the SV were skewed towards farms of larger acreage: in the SV, 

the majority of growers have farm acreages of  >1,400 acres.  

Despite differences in farm size by region, most economic concerns were similar among 

regions, except for the cost of water. Concerns about water costs associated with cover crops 

significantly increased with decreasing latitude in the Central Valley (P=0.01), following the 

precipitation gradient (Figure 1.7). The SV benefits from adequate to ample water supply 

compared to the San Joaquin Valley, conjunctly due to higher annual precipitation and greater 

provision of surface water through the more consistent Sacramento River water availability. With 

reduced water costs, our study recorded significantly less concerns over cover crop transition in 

the SV compared to the San Joaquin Valley (P=0.02) (Figure 1.7). Growers of the SV were also 

less concerned about potential frost control complications with cover cropping (P=0.04). In 

almond ecosystems, conventional frost freeze protection is water-dependent, as it uses irrigation, 

to facilitate heat transfer in the orchard. Therefore, in line with the state water supply, growers in 

SV had both the least concern over water costs and least concerns over frost control.  It is important 

to note that, while the SV’s almond acreage (151,276 acres) is a fifth that of the San Joaquin Valley 

(725,396 acres), it benefits from nearly 3 times its mean annual water flow (18 mMAF and 6 

mMAF, respectively) (CDFA, 2019; USBR, 2016). As such, large discrepancies likely exist in 

farm input costs impacting risk aversion behavior, across regions of the Central Valley. Results 

(n=121) of our survey suggest a potential link between region-dependent water costs and cover 

crop adoption within the Central Valley.   

The NSJV had the most participation with 64 growers, representing >50% of total 

participants, indicating a higher interest in the research topic compared to other regions (Figure 

1.3). Respondents from the NSJV were composed mostly of cover crop adopters (70%) (Figure 
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1.4), with in total nearly 4x as many adopters as in other regions. Growers of the NSJV expressed 

significantly greater need for aboveground pest biological control as a key cover crop ecosystem 

service (P<0.001). Despite this region having the highest adoption rate, it also expressed the 

greatest data needs (Figure 1.3, Appendix A – Supplementary Information 1.2): compared to other 

regions, the NSJV indicated greater interest in nearly all knowledge gap categories of this survey, 

except for “frost complications” (Appendix A – Supplementary Information 1.2).  

 

Influence of farm size on growers’ analysis of cover crop concerns 

In this survey, 67% of respondents were categorized as small farms (£420 acres), whereas 

33% were identified as large farms (>420 acres) (Figure 1.5). Farm acreage varied widely from 

1.5 to 27,280 acres, suggesting vastly different socio-economic contexts. Farm size tended to be 

smaller in the NSJV where about 40% of CA almond acreage is currently located (CDFA, 2019), 

whereas comparatively, the average farm size tripled in SV and in SSJV regions. In our survey, 

the association between farm size and region was not statistically significant (Fisher’s Exact test, 

P=0.87).  

In line with our findings of significant differences in aversion to water costs by region 

(Figure 1.7), we found that large farms have significantly higher interest for improved water 

infiltration and retention through cover cropping (Figure 1.8) (P=0.04), as well as for soil structure 

and field access (P=0.03), compared to small farms. Although larger farms expressed generally 

higher interests in the benefits of cover cropping, they were largely in disagreement with concerns 

proposed in this survey. Through open-ended responses, large farms suggested twice as many 

additional concern categories as small farms including “water usage”, “cover crop termination for 

frost”, and “nitrogen cycling” concerns (Figure 1.9). Considering the higher vulnerability of larger 
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farms to market price volatility and competition from an industrialized market, large farms may 

experience a stronger pull towards controllable and intensified production practices, which 

currently do not encompass cover cropping practices or management. Indeed, in this survey, 

although the association between farm size and cover crop adoption was not significant (Fisher’s 

Exact test, P=0.36), approximately 60% of cover crop users were small farms, thus suggesting 

higher risk aversion in larger operations.  

 

Growers’ tradeoff analysis of cover crop concerns by user group 

Although there were few differences among growers’ perception of cover crop benefits, 

large differences were found in growers’ evaluation of concerns: non-users of cover crops ranked 

economic concerns as 10x more important than adopters, but also ranked the lack of available 

information on cover crops as twice as important as for adopters (P=0.001) (Figure 1.10 & 1.11). 

A few agronomic and operational concerns were also ranked higher by non-users including: (1) 

impediments to orchard sanitation, (2) complicated transition towards cover crop implementation, 

(3) difficult termination, and (4) difficult almond harvest (P=0.03, P=0.004, P=0.008 and P=0.003, 

respectively) (Figure 1.11). These results suggest a need for both clear cost-benefit assessments of 

cover cropping under different farm scale scenarios, but also a need to address agronomic and 

operational concerns through the development of best management practices, which would 

account for different water cost contexts relevant to regions of CA. Overall, reluctance to adoption 

was driven by risk-aversion to cover crop concerns and opportunity costs, rather than lack of 

potential gains.    
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Current cover crop management practices of early adopters 

Baseline cover crop management practices in CA are reported in Appendix A – 

Supplementary Information 1.2. Most early adopters in this survey reported that they used complex 

cover crop mixes of four species or more, suggesting growers used diverse cover crop mixtures to 

enhance multiple ecosystem services, simultaneously. Brassica and legume plant species were the 

most used followed by grass species. Of early adopters, 40% rotated plant species within the mix 

and 30% of growers alternated cover crop mixes within alleyways of their orchard. 96% of users 

established covers of 6 feet width or more in their orchard alleyways. This indicates that current 

adopters implement cover crop cultivation practices, which optimize spatio-temporal biodiversity 

within their orchards.  

Although 84% of growers indicated that cover cropping met their expectations, 16% 

reported having discontinued cover cropping, partially in certain fields or completely, due to 

substantial barriers listed above. Most growers who discontinued the practice reported germination 

difficulties. Interestingly, none of the growers who discontinued cover cropping indicated 

economic factors as a constraint to adoption, even though water availability was mentioned as a 

related cause to poor germination. Furthermore, only 39% of growers irrigated the cover crop, 

suggesting most growers do not incur supplemental water costs with cover cropping. None of the 

respondents reported cover crop incompatibility with other orchard operations (i.e., sanitation, 

frost control) as a cause for discontinuing the practice. In fact, 64% of growers reported conducting 

pruning of their orchard after cover crop seeding and 62% crush or flail-mow mummies in their 

cover crop during the winter. Additionally, 32% of growers reported that they do not terminate the 

cover and that this does not create complications at harvest: the cover is left to reseed and dies 

naturally during the summer due to lack of water. Therefore, experiences from current users 
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indicate a minimal footprint of cover cropping on conventional orchard operations. This is in line 

with previous findings of this survey, indicating significantly lower agronomic and operational 

concerns of users compared to non-users: users were less concerned with (1) potential impediments 

to orchard sanitation, (2) difficult termination and (3) difficult almond harvest due to potential 

cover crop debris (P=0.03, P=0.008 and P=0.003, respectively). In line with previous results, this 

suggests that adoption is influenced by risk aversion, rather than by growers’ valuation of potential 

gains.  

 

Knowledge diffusion structures 

Growers’ ranking of most important information sources reveal the fundamental role of in-

person communication and of regional expertise within the existing knowledge structure 

(Appendix A - Supplementary Information 1.3). At the top of the rankings were farm advisors, 

Cooperative Extension specialists, pest control advisers (PCA), certified crop advisers (CCA) and 

other growers. Similarly, in the “Other category”, growers added other contributing individuals: 

seed industry experts, private advisors/consultants, the United States Department of Agriculture’s 

Natural Resources Conservation Service (NRCS) and Project Apis m. (PAm) representatives. This 

shows that the existing agricultural knowledge system exists across a broad diversity of sectors. 

Although Cooperative Extension holds a central node in the information network, multiple other 

actors contribute to supporting science communication. The network includes farms, private 

consultants, industry, and non-governmental organizations (NGOs). Furthermore, research 

collaboration was given a relatively high ranking, which may be skewed by the survey population 

which decided to participate in this survey’s research and thus, found importance in participatory 

research efforts. We notice that high degrees of education and technical knowledge were well-
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appreciated by growers who took the survey. Expertise was also attributed to region-specific 

experiential knowledge: growers mentioned that their experience and several generations of 

farming were at the core of their knowledge system. Thus, knowledge systems not only involved 

a diverse network of actors but also engaged multiple learning pathways including self-learning as 

well as social learning from other growers. More generic communication and outreach material 

(websites, CA-wide newsletters, and books) were viewed as less important, as sources of 

information than in-person scientific extension. Surprisingly, there was no mention of high-tech 

solutions (i.e., smartphone applications, cover crop selection software) to provide support for cover 

cropping decisions.  

 

Knowledge gaps and considerations for future research 

Growers were asked to identify what they viewed as the most important knowledge gaps 

regarding cover crops. It is important to note that for most data gap categories proposed in the 

survey, there were at least two respondents, who considered it important (Appendix A - 

Supplementary Information 1.3). There was one exception with no respondents indicating 

concerns over N immobilization data gaps in the South San Joaquin Valley (Appendix A - 

Supplementary Information 1.3). Of the regions represented in this survey, the NSJV had the most 

participants to the survey, most of whom were cover crop users: 53% of the survey population was 

in the NSJV of which 70% were cover crop users. Growers in the NSJV indicated a greater need 

for data in all categories except for “frost complications”, however there were no statistically 

significant differences.  
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Discussion 

Three distinct regions across the Central Valley 

Although cover crop adoption has been widely studied in other parts of the continental 

United States (Arbuckle & Roesch-McNally, 2015; Myers & Watts, 2015; O’Connell et al., 2015; 

Moore et al., 2016; Silva & Moore, 2017), the sustainable use of cover crops in California crops 

is unique due to the State’s complexity of crops and intensive management practices. Arguably 

more than any state, CA possesses the greatest climate gradient, which requires large differences 

in irrigation management, agricultural input costs and regulation by crop and by region, resulting 

in broad variation in agricultural profitability across the state (Siebert, 2003). With the impacts of 

climate change and the undeniable burden of drought on the state, water costs play a central role 

in impacting agricultural crop profitability (Pathak et al., 2018). This was evident in our survey 

which suggested the presence of three distinct categorical groups of respondents: (1) Respondents 

of the SV characterized by larger landholdings (average farm size= 1,636 acres) and having the 

least water cost concerns (P=0.01), (2) respondents of the NSJV characterized by smaller 

landholdings (average farm size = 433 acres) and having increased water cost concerns, and (3) 

respondents of the SSJV characterized by larger landholdings (average farm size = 1,417 acres) 

and having the highest water cost concerns.  

Our results indicating large variations in farm scale between the north and south of the San 

Joaquin Valley are in line with findings reported in the 2012 United States Department of 

Agriculture (USDA) Census: of the two largest almond-producing counties in CA, the average 

farm size in Kern county (SSJV) is nearly 6x that of Stanislaus county (NSJV) (1116 acres and 
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192 acres, respectively) (NASS-USDA, 2012). Within the San Joaquin Valley, the considerably 

larger landholdings in the south are likely linked to increased water costs and the resulting stronger 

pull towards high-value crop commodities. The prevalence of larger tenancies in the south are also 

attributed to the region’s early agricultural history, whereby large farm tenancies were most 

impactful in shaping regional irrigation schemes and acquiring water rights and resources for 

agriculture (Abel, 1950). 

In almond production systems, water is used for multiple purposes beyond crop irrigation, 

including fertigation and frost freeze protection. In the Central Valley, the incremental benefits per 

acre of practices and inputs are heavily dependent on output and therefore tied to irrigation water 

costs and supply, which are minutely regulated across the Central Valley. Large discrepancies in 

input profits among regions have been previously demonstrated, particularly during the ban of 

methyl bromide (MeBr) in 2005 (Siebert, 2003). Prior to its statewide ban, the fumigant was used 

in tree nuts as a soil microbiocidal fumigant. Profits in these agro-ecosystems differed among 

regions: in peach production, farms using MeBr brought in 4.7$/acre in the SV, whereas profit was 

7.1$/acre in the San Joaquin Valley (Siebert, 2003). In almond production systems, soil fumigants 

are still used conventionally at pre-planting to control for parasitic nematodes and diseases 

(Browne et al., 2006). Considering differences of farm scale and water concerns among the three 

regions defined in our survey, large discrepancies like these are likely to exist in the incremental 

benefits of cover crops as well as its sustainable use, by region.  

Different objectives and needs for ecosystem service augmentation by region 

Our results suggest that both marketable and non-marketable ecosystem services are of 

interest to growers across groups: both users and non-users recognize the value of supporting and 
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regulating services associated with cover cropping, beyond their interests for provisioning services 

(tree nutrition). This suggests that lack of perceived benefits is not a barrier to cover crop adoption. 

However, there were noticeable differences within the three Central Valley regions in growers’ 

relative preference of ecosystem services and concerns over disservices of cover crops. In the 

Northmost region where there are heavier annual winter rains, growers had greater interest for 

improved soil structure and field access through cover cropping, whereas in San Joaquin regions, 

growers placed higher importance towards pollinator habitat, as opposed to better soil structure 

and field access (Figure 1.6).  

Our results demonstrate that growers’ decision to adopt a practice is not a unilateral one, 

but rather involves complex analyses of numerous tradeoffs and cost benefits, which are regionally 

dependent. The positive relationship between biodiversity and ecosystem function has been 

previously demonstrated (Tilman et al., 1996; Cadotte et al., 2008; Cardinale et al., 2012). It has 

been suggested that intentionally increasing plant diversity through cover cropping could 

substantially augment multiple ecosystem services (Davis et al., 2012; Schipanski et al., 2014; 

Finney & Kaye, 2016). However, knowledge on how greater planned biodiversity in 

agroecosystems impacts associated biodiversity and the provision of multiple ecosystem services 

remain scarce, especially in the context of CA. Studies from the Midwest have suggested that cover 

crops can reach diverse objectives through the selection of plant functional traits in cover crop mix 

designs (Blesh, 2017). Our results bring valuable insight on cover crop objectives, which can be 

used to tailor cover crop optimization trials and inform research agendas to meet regional needs 

and define most sustainable cover crops by region.  

It has been previously suggested that crop-specific incentives that reflect climate, water 

availability and environmental regulation changes would best support adoption of cover cropping 
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(DeVincentis et al., 2020). However, our survey results suggest that solely top-down monetary 

incentives would not adequately address current barriers, which remain socio-ecological in nature. 

We observe a wide variation of management and rationales in current cover crop practices: there 

is a need for precise and region-specific recommendations beyond accounting for potential 

regional water costs. Most growers who discontinued the practice reported germination 

difficulties. This group of growers who discontinued cover cropping bring valuable insight on 

actual barriers and provide key experiential knowledge, based on trial-and-error pathways (Lubell 

et al., 2014). Their feedback highlights agronomic constraints challenging the transition towards 

cover cropping. Early adopters’ decision to intensify biodiversity in cover crop mixes may be a 

successful strategy to partially amend for poor germination and weak establishment of the cover 

crop, in void of region-specific BMPs.  

Our results highlight the need for research to develop region-specific BMPs for almond 

cover cropping in CA, and particularly to address germination difficulties and identify best-suited 

species in support of the work of local seed providers. Successful extension efforts would need to 

capitalize on the existing synergy among these diverse actor groups and learning structures. In 

particular, applying knowledge to diverse region-specific contexts through in-person consulting 

will likely provide the best results for cover crop adoption and improved agro-ecological 

sustainability. Our results suggest that there is a potential to reach growers and farm managers 

through relatively inexpensive communication systems but also denotes that there are no existing 

centralized knowledge platforms nor information tools. These results highlight the crucial role of 

in-person extension networks and the importance of local knowledge supported by extension and 

consultation for cover crop adoption. 
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The North San Joaquin Valley, central to knowledge diffusion 

Literature suggests that the level of awareness of conservation practices (Perry-Hill & 

Prokopy, 2014) and willingness to learn (Dunn et al., 2016) are overarching factors influencing 

innovation adoption. The higher adoption rates observed in the NSJV are especially remarkable, 

as water costs are considerably higher in this region compared to the SV. This suggests that despite 

the considerable influence of water costs on cover crop decisions in CA, growers’ valuation of 

cover crop benefits can override associated water constraints, which might be minimized through 

optimized cover crop management practices. Theoretical models suggest that early adopters cope 

with uncertainty in innovation, through experimentation and learning-from-others mechanisms 

facilitated by their centrality within their networks and thus, their extensive contact with 

information sources (Padel, 2001; Rogers, 2003; Dunn et al., 2016; Lubell et al., 2014). As such, 

the identification of early adopters to introduce an innovation (i.e., “injection point” or IP) has an 

important impact on innovation diffusion rates, and it can positively affect the mobilization of 

information through social network pathways (Tey & Brindal, 2012; Santeramo, 2018). Due to its 

larger population of early adopters and growers’ high willingness to gain new knowledge and to 

innovate, the NSJV may represent a network center, with a stronger capacity to support learning-

from-others mechanisms, as described by Lubell et al. (2014), which could enhance the diffusion 

of innovation across the Central Valley. Based on this survey’s participation results, the NSJV 

region would likely be most receptive to governmental incentives and science extension. For 

effective innovation diffusion, this survey’s results indicate a need to address data gaps and 

develop region-specific BMPs, in parallel to potential policy incentives.  
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Limitations & Future Research 

Our survey’s response rate of about 5% suggests limited overall interest of farmers for 

cover cropping in almond systems of CA. The large proportion of growers who already use cover 

crops and/or work on small-scale farms may create a bias in our survey results. Actual adoption 

rates of cover crops in CA almond production systems are estimated to be approximately 6% 

(ABC, 2017). Future research would need to broaden the survey to a larger community of almond 

growers in California. In particular, developing means that do not require electronic distribution 

of the survey may be necessary to reach different groups of respondents. All responses used in our 

study were electronically submitted because few written responses met the quality check criterion.  

Our work provides insight regarding the valuation of ecosystem services, data which could 

be integrated in cost-benefit models that account for discrepancies in water costs across the state. 

In these models, one could particularly explore existing tradeoffs among cover crop services and 

disservices: e.g., potential use of water as opposed to soil health benefits. Finally, our survey results 

highlight the need for region-specific field research, as multiple data gaps were identified. These 

gaps included data on actual C sequestration potential of cover crops, best-suited species for 

different climatic regions of CA and tradeoffs between increased water usage versus improvements 

in water infiltration and storage associated with cover crops. 

 

Conclusion 

California uniquely benefits from a robust extension network, that has proven to be 

fundamental to the growth of Californian agriculture. Our results provide important insights into 

the regionally-specific drivers of growers’ adoption as well as impactful barriers to cover cropping 
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in almonds. We found that, although most growers had similar appreciation of potential benefits 

of cover cropping, there were important discrepancies in the perception of concerns, particularly 

regarding economic setbacks and associated water costs. Therefore, our results suggest that the 

impact of risk aversion and opportunity costs may be more important than perception of potential 

benefits in adoption decisions. Valuation of ecosystem services and disservices (soil structure & 

field access, pollinator habitat and frost concerns) varied by regions suggesting the need for region-

specific research and optimization trials to address specific regional objectives. It is apparent that 

beyond economic concerns, lack of Best Management Practices (BMPs) is currently an important 

barrier to cover crop adoption in CA almond. As such, implementation of policies and incentives 

ceteris paribus would be insufficient. For effective innovation diffusion, this survey’s results 

indicate a need to address data gaps and develop region-specific BMPs, in addition to potential 

policy incentives.  Climate change impacts on food security and livelihoods are challenging 

communities throughout the world. In agriculture, a stark temporal gap often exists between the 

establishment of scientific findings and the uptake of sustainable agricultural practices. 

Agricultural extension efforts largely contribute to bridging this divide by providing the necessary 

support to adapt these solutions to diverse socio-economic settings. Our findings highlight the need 

for multi-disciplinary collaboration and the integration of multiple stakeholders to ensure the 

adaptation of cover crop management, as pillar of sustainable agriculture, within diverse 

environmental and socio-economic contexts.  
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Figure 1.1. Tuttle, CA:  UCCE research trial from 1922, testing field peas in a tree plot (UCCE, 
1921). 
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Figure 1.2. UCCE research trial testing the effect of different cover crop seeding dates in orchards. 
This research found that a difference of two weeks in the Fall seeding resulted in large differences 
in cover crop development. Left: seeded October 14th; right: seeded October 1st, 1921 (UCCE, 
1921).  
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Figure 1.3. Landholdings (n=121) distribution across the Central Valley for a total of 90 grower 
respondents. Counties with the most landholdings were Stanislaus county (n=26) and Merced 
county (n=19).  
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Figure 1.4. Distribution of users and non-users of cover crops (CC) across the Central Valley. 
Farm acreages of multiple managers were cumulated per zipcode (n=120). Farms with 
landholdings across the Central Valley were represented by multiple zipcodes (n=132). 55% of 
respondents used cover crops in this study.  
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Figure 1.5. Survey of farm size distribution (n=120) across the Central Valley. When acreage per 
zip code was not reported, the full acreage of the farm was divided evenly by reported zip codes. 
The color and point size gradients both report the acreage of landholdings. 
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Figure 1.6. Perceived cover crop benefits as influenced by geographic region (Sacramento Valley, 
North San Joaquin Valley, and South San Joaquin Valley) and average importance score of 
benefits. Significant differences in the ranking distribution were determined using the Mann-
Whitney test and are indicated by ** (p<0.05), *** (p<0.001) or NSS for not statistically 
significant.   
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Figure 1.7. Perceived cover crop concerns as influenced by geographic region (Sacramento 
Valley, North San Joaquin Valley, and South San Joaquin Valley) and average importance score 
of concerns within agronomic, operational, and economic categorical groups. Significant 
differences in the ranking distribution were determined using the Mann-Whitney test and are 
indicated by ** (p<0.05), ***(p<0.001) or NSS for not statistically significant.  
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Figure 7. Perceived cover crop concerns as influenced by geographic region (Sacramento Valley,
North San Joaquin Valley, and South San Joaquin Valley) and average importance score of
concerns within agronomic, operational and economic categorical groups. Significant differences
in the ranking distribution were determined using the Mann-Whitney test and are indicated by **
(p<0.05), ***(p<0.001) or NSS for not statistically significant.
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Figure 1.8. Perceived cover crop benefits as influenced by farm acreage (small farms 
corresponded to acreage of £420 acres and large farms were of >420 acres) and average importance 
score of benefits. Significant differences in the ranking distribution were determined using the 
Mann-Whitney test and are indicated by **(p<0.05), ***(p<0.001) or NSS for not statistically 
significant.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Perceived cover crop benefits as influenced by farm acreage (small farms corresponded

to acreage of £420 acres and large farms were of >420 acres) and average importance score of
benefits. Significant differences in the ranking distribution were determined using the Mann-

Whitney test and are indicated by **(p<0.05), ***(p<0.001) or NSS for not statistically significant.
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Figure 1.9. Perceived cover crop concerns as influenced by farm size and average importance 
score of concerns within agronomic, operational, and economic categorical groups. Significant 
differences in the ranking distribution were determined using the Mann-Whitney test and are 
indicated by **(p<0.05), ***(p<0.001) or NSS for not statistically significant.  
 

 
 
 

Figure 9. Perceived cover crop concerns as influenced by farm size and average importance score of
concerns within agronomic, operational and economic categorical groups. Significant differences in
the ranking distribution were determined using the Mann-Whitney test and are indicated by
**(p<0.05), ***(p<0.001) or NSS for not statistically significant.
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Figure 1.10. Perceived cover crop benefits as influenced by usage group (user and non-user) and 
average importance score of benefits: soil structure and field access, soil health, tree nutrition, 
pollinator habitat, weed control, water infiltration and retention, aboveground pest control and 
belowground pest control. Significant differences in the ranking distribution were determined 
using the Mann-Whitney test and are indicated by **(p<0.05), ***(p<0.001) or NSS for not 
statistically significant.  
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Figure 10. Perceived cover crop benefits as influenced by usage group (user and non-user) and
average importance score of benefits: soil structure and field access, soil health, tree nutrition,
pollinator habitat, weed control, water infiltration and retention, aboveground pest control and
belowground pest control. Significant differences in the ranking distribution were determined
using the Mann-Whitney test and are indicated by **(p<0.05), ***(p<0.001) or NSS for not
statistically significant.
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Figure 1.11. Perceived cover crop concerns as influenced by usage group (user and non-user) and 
average importance score of concerns within agronomic, operational, and economic categorical 
groups. Significant differences in the ranking distribution were determined using the Mann-
Whitney test and are indicated by **(p<0.05), ***(p<0.001) or NSS for not statistically significant.  
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Figure 11. Perceived cover crop concerns as influenced by usage group (user and non-user) and
average importance score of concerns within agronomic, operational and economic categorical
groups. Significant differences in the ranking distribution were determined using the Mann-
Whitney test and are indicated by **(p<0.05), ***(p<0.001) or NSS for not statistically significant.
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Chapter 2: Cover crop ecosystem service frameworks reveal distinct sustainability 

perspectives for agriculture 

Abstract 

Agricultural sustainability first referenced in the 17th century referred specifically to the 

longevity of commercial yields. As societal goals for agriculture transcend food production, the 

sustainability of agroecosystems has taken a multifunctional dimension. Cover cropping, a 

sustainable agriculture practice, has been demonstrated to support multiple ecosystem services, 

yet, low adoption of cover cropping suggests a mismatch between concepts of multifunctionality 

and farmers’ perception of sustainability. In this study, we consider the constructs of 

multifunctionality, as evidenced in scientific literature. We take a constructivist approach to 

explore the socio-cultural constructs, through which cover crop knowledge has been developed, 

and how this social quality shapes our appreciation of this practice. We propose that the low 

adoption of cover cropping is not due to knowledge gaps or lack of integration, but due to a 

mismatch in value systems, apparent not only between researchers and practitioners, but within 

science. To address the divergence in value systems, we analyze the contours of researchers’ 

knowledge pathways. Our systematic assessment reveals two distinct systems in the valuation of 

cover crop services: a biological management approach, which considers ecological conservation, 

as inherently valuable, irrespective of immediate profitability, and a nutrient management 

approach, which prioritizes resource conservation for sustainable crop production. Although 

services are heavily contextualized, the cover crop designs are not. This leaves the risks and 

challenges of interpretation to practitioners and extensionists. Our findings define the contours of 

distinct sustainability frameworks within cover crop literature that hold immediate implications 

for the future development and implementation of the practice. We suggest that the upscale of 
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cover cropping is held by a valuation-optimization bind whereby confounding ecosystem service 

value systems and considerable lags in seed design optimization delays cover crop adoption. 

Unlocking this bind will require the engagement of the seed industry to develop optimized seed 

varieties and to ensure their widespread distribution. This can only occur with a two-way 

conversation of value systems between researchers and practitioners, over the rationale of cover 

cropping as a pillar of sustainable agriculture. 

 

Introduction 

Global food systems are challenged with sustainably increasing agricultural productivity, 

while maximizing ecosystem services and social equity (Tilman et al., 2011; Garnet et al., 2013). 

Agricultural productivity is now recognized as a non-linear process, which holds a moral 

imperative to embrace the wide diversity of cultures and value systems of the populations, which 

it is meant to sustain (Swinton et al., 2006; Reuter, 2018; Zafra-Calvo et al., 2020; IFPRI, 2020). 

As societal goals for today’s agriculture transcend food production, agricultural analyses 

increasingly integrate social and environmental ecosystem services (ES) within complex multi-

service assessments (OECD, 2001). Ecosystem service multifunctionality has been defined as the 

simultaneous provisioning of multiple ecosystem functions and services (Hector & Bagchi, 2007).  

Due to the immense spatio-temporal complexity of ES and their interactions, system-level research 

often attempts to reduce this complexity using a reductionist approach to delimit frameworks by 

which ES can be characterized and bundled (Schipanski et al., 2014). However, the selection of 

ES within a multifunctional whole presents intricate challenges for scientific objectivity. In the 

social sciences, it has long been recognized that individual observations inherently occur within 

unique sets of socio-cultural frameworks and thereby entail biases (Middendorf & Busch, 1997).  
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Random selection as a sampling strategy is designed to support the scientific objectivity of 

observations (Suppe, 1988). As is often the case in applied science however, some agriculturalists 

contend that random selection rarely occurs in agricultural research (Suppe, 1988). Instead, the 

representativeness of agricultural experiments relies on verification through experimental re-

testing of hypotheses by researchers and through farmers’ empirical evidence. Yet, verification in 

itself is a non-randomized process. Frequentist perspectives of verification recycle observer biases 

under the guise of objectivity. The constructionist approach, as used in Bayesian statistics, tests 

biases with evidence so as to challenge existing knowledge and build objectivity. Verification 

inherently implies accounting for cognitive (what is) and normative (what should be) complexities 

and uncertainties (Dendoncker et al., 2018). Therefore, the building of knowledge occurs within 

distinct socio-cultural valuation systems, apparent in the choice of observation and amplified by 

the verification process.  

Scientists commonly cross socio-cultural boundaries when advancing management 

recommendations to farmers, and these inherent value structures have intricate implications for 

agricultural research outcomes. In particular, scientists’ application of the ecological concept of 

multifunctionality to agricultural research has been deeply contested (Manning et al., 2018). 

Indeed, the use of multifunctionality assessments to determine agricultural best management 

practices (BMPs) implies a transfer of values. In science, multifunctionality is often calculated as 

an average of standardized values (Byrnes et al., 2014; Finney & Kaye, 2017). Yet, any weighing 

of information within an assessment, even an equal weighing, is a statement on the value of 

information and therefore implies bias. To address this shortcoming, methods have been developed 

to value individual indicators in assessments according to stakeholder perceptions (Reed et al., 



 43 

2006; Ravier et al., 2015). Literature has demonstrated considerable variation in the mental 

models, through which different agricultural stakeholder groups process and value information 

(Jabbour et al., 2013; Halbrendt et al., 2014). Although knowledge diffusion efforts have 

elucidated the logic of farmers, as recipients of scientific information, very little work has been 

done on the upstream production of knowledge, wherein information can be similarly systematized 

and influenced by scientists’ specific interests.  

In scientific literature, cover crops are often presented as a panacea, capable of augmenting 

a plethora of ecosystem services. Yet, for practitioners, it is rather perceived as Pandora’s box and 

has low adoption rates. Despite more than a century of cover crop research and advocacy, studies 

report low adoption of the practice in many parts of the world, i.e., 1.7% adoption in U.S. farmlands 

(Neill & Lee, 2001; Eilittä et al., 2004; DEFRA, 2017; USDA, 2017; Kinyua et al., 2019). We 

propose that cover cropping’s credibility, as a sustainable agricultural practice, cannot be 

determined solely by scientific knowledge. Rather it is negotiated in cross-cultural interpretations 

between scientists and farmers. To arrive at a shared meaning of cover cropping for sustainable 

agriculture, we must not only consult farmers’ value systems, but also reflect upon the inherent 

socio-cultural structures of scientific research. Indeed, transparency and inclusivity in the valuation 

of ES is especially important, as these services reflect inherently value-laden human-to-nature 

relationships. We propose that the loss of credibility of cover cropping is not due to knowledge 

gaps or lack of integration, but rather due to a mismatch in value systems, apparent not only 

between researchers and practitioners, but within different disciplines in science. 

Following a constructivist approach, we consider that ES frameworks are social projections 

of the inherently subjective human-nature relationship (Dendoncker et al., 2018). Thereby, the 

influence of values and culture in the scientific process is manifest through the distribution of 
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research coverage. Perennial agro-ecosystems (woody and vine) present unique opportunities to 

explore the impact of cover cropping on a wide breadth of ES interactions. Indeed, the architecture 

and perennial nature of these systems allow for the exploration of multi-strata, cross-seasonal 

cover crop effects not commonly observed in annual systems. Perennial agro-ecosystems account 

for more than 10% of the world’s agricultural production (FAO, 2021) and cover approximately 

86.3 Mha of agricultural land, globally (Castellano-Hinojosa & Strauss, 2020). We analyzed cover 

crop field studies (1963-2020) on a global scale, conducted in perennial systems (Figure 2.1; 

Appendix B – Supplementary Information 2.1). Through an evidence-based systematic 

assessment, we quantified the comprehensive research coverage of 285 individual ES frameworks, 

reporting 19 ES for 638 cover crops. By quantifying scientific research pathways, we unearth the 

leading knowledge frameworks of cover cropping in perennial systems, and their confounding 

rationales. 

 

Materials and Methods 

Evidence-based methods, such as systematic reviews, have been developed to support 

decision makers by synthesizing existing scientific information (Pullin & Stewart, 2006). 

Systematic mapping provides a robust method in which disparate research evidence is synthesized 

to fill the gaps in comprehensive knowledge. Specifically, synthesized datasets may reveal 

valuation systems and socio-cultural norms through which knowledge is constructed.  Qualitative 

data can bring to light cultural implications of assessment structures and cognitive processes within 

evaluation systems. Such qualitative data is an especially important component of effective science 

messaging for non-academic stakeholders and the general public.  
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Improved transparency in ES valuation is particularly important in sustainable agriculture 

research, as the boundary between what we want versus what we need to be sustainable is often 

confounded. Indeed, sustainability in working landscapes is an inherently social construct. In 

contrast to conventional meta-analyses, our analysis steps away from statistical processing in the 

form of combined significance tests or p-values to understand our societal goals towards 

sustainability. We use descriptive statistics to quantitatively characterize a whole population, 

which differs from inferential or inductive statistics whereby sample data is collected and 

processed to understand a wider population. We use summary statistics to gain better 

understanding of the structures of system-based valuations used in research, shifting focus away 

from the volume of service outcomes. Systematic mapping enables us to integrate the narrative 

and visual significance of research distribution across the service linkages explored, to draw a 

more comprehensive picture of cover crop-mediated services, in lieu of fully exhaustive ecosystem 

assessments.  

 

Data sources and selection of studies 

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

process, adapted from Moher et al. (2009) was used to populate our database, using the following 

four steps: identification, screening, eligibility and inclusion. We use the term “perennial agro-

ecosystem” or “perennial system” to refer to land-use systems, wherein woody and vine perennials 

are managed as agricultural crops. Our definition of “perennial systems” overlaps with certain 

definitions of “agroforestry systems” (FAO, ICRAF), but does not include linear agroforestry 

systems (i.e., riparian forest buffers, windbreaks…) (USDA). Studies testing the effect of cover 

cropping in perennial agro-ecosystems under field conditions were identified by searching Web of 
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Science (Clarivate Analytics ®), BioOne, PLOS, JSTOR, ScienceDirect, Oxford Journals, 

Springer Link, Taylor and Francis Journals, Wiley Online and WorldCat databases. Records were 

extracted on 05/05/2020. Keywords included “cover crop” x “orchard”, “cover crop” x “woody”, 

“orchard” x “floor management”, “woody” x “floor management”, “perennial” x “floor 

management” and “perennial” x “cover crop”. A total of 859 peer-reviewed studies were extracted 

from databases. Extracted studies included journals, extension articles and conference materials. 

Cover cropping was defined as a vegetative cover within orchard alleyways, as well as seeded tree 

berms.  Screening criterion also included research reporting on catch crops, green manure, living 

mulch and sod. Research in which covers were not integrated within the field such as hedge rows 

were excluded. Native vegetation was included when grown species were identified. Field research 

was exclusively selected within either orchard, grove or plantation agroecosystems. Nursery 

studies, pre-plant studies and pre-mature orchard research were excluded. Greenhouse, glasshouse 

and pot studies were also excluded. Screening criterion also excluded review-based and model-

based research. Because randomized block designs within single orchard plots are often not 

appropriate for entomology studies, different designs were accepted to compare cover crops to 

controls. A total of 285 studies remained following the removal of studies that did not meet our 

criteria.  

Valuation of individual ecosystem services and linkages 

Our study focuses on the scientific observation process. Studies were deconstructed into 

individual observations. Each observation corresponded to the monitoring of individual services 

or the reporting of pairwise services. Therefore, multiple observations were recorded per article. 

Beyond the valuation of individual ecosystem services, we surveyed co-occurring pairwise 
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services, reported in scientific literature. Service linkages do not reflect effect size, effect exactness 

nor effect type (synergetic, antagonistic or neutral). Instead, we describe service linkages 

qualitatively and weigh linkages by their research coverage. This provides a view into the 

distribution of research among different pathways of scientific inquiry, thereby providing insight 

into the ways by which cover crop knowledge has been developed. In our study, the term “research 

coverage” refers to the proportion of studies within the whole body of literature, which replicate 

the study of a given service or linkage of services. We use the term “knowledge frameworks” or 

“assessment structures” or “logic”, interchangeably to refer to shared pathways of scientific 

inquiry, in cover crop research. We use the term “specialized frameworks” or “research focus” to 

refer to mutually exclusive knowledge pathways with high levels of research coverage. Our study 

takes a constructivist approach whereby ES frameworks reflect the inherently subjective quality 

of human-nature relationships. We consider that the constructs of specialization and focus are 

intrinsically tied to scientific interests. We propose that the non-randomization of research 

coverage reveals socio-cultural constructs, shared situational awareness, and common scientific 

interests.  These often-overlooked social processes define the contours of the mental frameworks 

and knowledge production pathways of research.  

Country of study site and commodity type 

 We recorded the countries in which the field sites were located (Figure 2.1 and 2.2). For 

studies where there was more than one field site located in different countries, we recorded each 

country once. We recorded the type of commodity, in which the field studies were conducted 

(Figure 2.3). For studies in which there were more than one perennial cash crop in one ecosystem 

(~1% of studies), we recorded each commodity once. For studies in which there were multiple 

field sites and different perennial cash crops, we also recorded each commodity once.  
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Cover crop mix designs 

We explored how species selection and assemblages were used to reach varying cover crop 

objectives. In our study, we recorded the species composition and number of species for each cover 

crop tested within each article. If individual articles reported more than one cover crop per ES 

assessment, then multiple cover crops were mapped from one article. We refer to “cover crop 

optimization” as the process of calibrating the practice and assembling mix species to enhance 

cover crop response to system-based needs. Plant families, genera of the Fabaceae group and 

species of the Trifolium and Medicago plant genera are detailed in Figure 2.8. We define ‘trial’ as 

an individual study of a cover crop species within diverse specie assemblages, published in 

research literature.  

 

Meta-data analysis and visualization 

Network mapping and ES assessment framework analysis 

We aggregated pairwise service observations to provide a system-wide visualization of 

cover crop assessments and common ES frameworks. In contrast to Bayesian network analyses, 

our network map is based on descriptive statistics. Ecosystem service bundles were mapped to 

observe common knowledge frameworks used in cover crop research, and consistent pathways of 

investigation (Figure 2.4). The Tableau ® Data Analytics and Visualization Software (2020.2.1) 

was used to develop network maps. Figures 2.5, 2.6 & 2.7 provide visualization of (1) scientific 

observations of monitored ES, expressed in the form of nodes, (2) scientific observations of co-

occurring pairwise services, in the form of links, and (3) research replications in the form of size 

and coloration of nodes and links. Nodes represent individual ecosystem services and are labeled 
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accordingly. Nodes were mapped around a circle shape. The width of links followed a continuous 

scale, reflecting research coverage. The coloration of links was stepped in 3 increments on a 35 

scale: increment 1 in yellow illustrates research coverages of 1-12%, increment 2 in orange 

illustrates coverage of 13-24% and increment 3 in red corresponds to 25-35% coverage. Figures 

2.6 & 2.7 uses the same coloration increments as Figure 2.5, with shades of blue. Linkages are not 

to be read as correlations, rather they represent the pairwise co-occurrence of services within a 

given study.  

We define “common knowledge frameworks”, as bundles of services which commonly co-

occur within a same study and which have received substantial research attention (increments 2 

and 3). The structures of these bundles describe sets of ecosystem services, which are commonly 

connected within scientific rationales. Thereby, we can visualize the construction of researchers’ 

mental models and experts’ shared conceptualization of cover crop functioning. Visually, 

specialized frameworks appear as clusters within the network of ecosystem services, and are 

defined as densely connected ecosystem services, represented by nodes, which are sparsely 

connected to other clusters of the network. These specialized clusters define mutually exclusive 

networks of ES linkages of high research coverage (increment 2 and 3 links, 13-35% of all studies).  

 

Heatmaps and hot spot analyses 

Quantitative information retrieved from studies was used to generate heatmaps, to visualize 

research ‘hot spots’ as well as data gaps in our understanding of system-wide cover crop services. 

The Tableau ® Data Analytics and Visualization Software (2020.2.1) was used to develop the 

heatmaps. Figure 2.4 mapped research distribution across pairwise co-occurring ecosystem 

services. Cells of darker coloration indicate common ES knowledge pathways in literature. Figure 
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2.2 mapped the effect of country and commodity type on research distribution. Hot spots annotated 

in red indicate contexts of high research coverage, whereas cold spots in yellow and white highlight 

data gaps and unexplored themes.  

 

Results 

Contextualization of knowledge in cover crop research 

Our data reveal that much of cover crop knowledge for perennial crops was developed 

within the distinct regulatory and socio-economic contours of a limited number of countries, whose 

history is marked by rapid agricultural industrialization (Figure 2.1). Nearly a third of studies were 

conducted in the United States (31%). The following ten countries accounted for 80% of all 

studies: (1) United States, (2) Spain, (3) China, (4) Brazil, (5) Canada, (6) Italy, (7) France and (7) 

Turkey, which held the same number of studies, and (8) India and (8) Portugal, which also held 

the same number of studies. Our analysis suggests different industry priorities among countries 

and bio-zones: Brazil distributed cover crop research among 12 perennial systems whereas Spain 

focused on 4 commodity groups (Figure 2.2). Thereby, much of cover crop research developed 

within a socio-economic context, characterized by agricultural monocultures, commodity 

marketization and specialized agri-solutions. Comprehensively, research efforts were most 

concentrated on apple systems (24% of studies, n=69/285) and vineyard systems (20% of studies, 

n=58/285) (Figure 2.3). Overall, the five-most researched cropping systems (apple, vineyard, 

olive, citrus and peach) comprised 67% of all studies. In contrast, only one study each could be 

found for nearly a third of perennial crops researched (n=13/44). This has important implications 

for our understanding of the compatibility of cover crops within a diverse range of agronomic 

contexts (i.e., different planting designs, harvest systems, climatic zones). In a context of 
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heightened momentum to gauge the benefits of crop diversification, research distribution among 

diverse food crops is of crucial importance.  

 

Non-randomized observation of ecosystem services 

We recorded 19 ecosystem services associated with cover cropping, in perennial 

agroecosystem literature. Our definition of ecosystem services was based on the Millennium 

Ecosystem Assessment (2005), whose framework is based on works of Costanza et al. (1997) and 

Daily (1997) and based on the framework described by Schipanski et al. (2014) for reporting 

ecosystem services, provided by cover cropping, in agroecosystems. The ecosystem service 

approach allows for improved representation of dynamic cross-service interactions, as well as the 

integration of social and environmental perspectives within agroecosystem assessments (Tomich 

et al., 2011). Although much of cover crop research predates the introduction of ‘ecosystem 

services’ as a concept, most studies have reported co-occurring ecosystem functions bundled in 

sets, thereby describing multifunctional processes (i.e., net primary production, N mineralization 

and yields). We surveyed cover crops ecosystem services to understand the broader benefits of 

cover cropping, beyond productivity and biodiversity. We recorded research replication and the 

distribution of studies in the reporting of individual services. Pest suppression services included 

aboveground and belowground suppression of parasitic nematodes, insect pests and parasitic fungi, 

and included disease prevention. Biodiversity included aboveground metrics for plant and insect 

diversity as well as belowground soil fauna, nematode and microbial diversity. Biomass 

production referred to net primary production, including non-marketable crop growth as well as 

cover crop productivity.  
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Of monitored services, 10 ecosystem services were regulating, 7 were supporting services 

and 3 were provisioning services (Appendix B - Supplementary Information 2.2). Whereas nutrient 

cycling was investigated in 36% of studies, greenhouse gas (GHG) regulation was reported in <1% 

of studies (Figure 2.4, Figure 2.5.a). Descriptive statistics revealed a 10-fold research gap between 

the 5 most-commonly reported ES (nutrient cycling, soil C, N mineralization, water dynamics and 

biodiversity) and the 7 least-reported ES (soil retention, economic profitability, arbuscular 

mycorrhizal fungi (AMF) colonization, pollination, wildlife habitat, NO3- leaching and GHG 

regulation). In Figure 2.4, hot spots in research coverage reveal common scientific pathways and 

a systemization of knowledge production. The heterogenous distribution of research among 

pairwise ES linkages reveals a non-randomization of scientific observations and therefore, a 

valuation of knowledge.  We observed limited or no representation of certain ES. Of 153 potential 

pairwise ES associations, nearly a third of ES-interactions (47/153) remain unexplored (Appendix 

B – Supplementary Information 2.3). Cover crop assessments followed weighed systems of ES 

valuation, reflecting the different interests and goals of the studies with respect to sustainability 

(Figure 2.6). Our analysis revealed that 90% (256/285) of articles could be categorized into two 

specialized frameworks of cover crop ES assessment: the first is a “nutrient management 

framework”, which valued linkages between soil resource management services (Figure 2.6): 

nutrient cycling, N mineralization, soil C, water dynamics, soil structure, soil retention, AMF 

colonization, NO3- leaching and GHG regulation. The second framework, referred to as the 

“biological management framework”, attributed greater value to linkages among biological 

services: pollination, wildlife habitat, pest suppression, beneficial insect conservation and weed 

suppression. Thus, we observe that cover crop knowledge is systematized by scientific domain. 

Between these two domains, service interactions were poorly explored, delimiting two distinct, 
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mutually exclusive frameworks of cover crop assessment. Crop yields were reported in 49% of 

nutrient management studies but only 22% of biological management studies. Instead, biological 

management studies attributed greater value to biodiversity services, monitored in 68% of studies, 

compared to only 22% in nutrient management frameworks. Thereby, beyond the systemization 

of knowledge within specialized scientific domains, the two frameworks display separate 

approaches to sustainability: the first one focused on economic productivity and the second 

towards biological conservation. 

 

Cover crop species selection and diversity 

Our results reveal that cover crop studies conducted in perennial systems included on 

average 2 species per cover crop in addition to the cash crop and 4 ES per assessment. Of 638 

distinct cover crops reported in the literature, 73% (463/638 covers) were single species. 

Furthermore, 43% of studies (123/285 studies) only studied one cover crop design, half of which 

(63/123 designs) were single species cover crops. Our results indicate that literature for perennial 

systems has relied heavily on a limited subset of species in its assessment of cover crop ES. Of 

1,446 cover crop trials, ~80% used species belonging to either the Fabaceae, Poaceae or Asteraceae 

plant families (Figure 2.8). All other plant families (n=46) appeared in ≤13% of trials (Figure 2.8). 

Of 441 tested species, the five most-studied species (Trifolium repens, Medicago sativa, Lolium 

perenne, Trifolium pratense and Trifolium subterraneum) were used in 16% of trials. Overall, 

Trifolium was the most common plant genus, regardless of the intended use of the cover crop. We 

suggest that the reliance of research on only a handful of cover crop species reflects the limited 

availability of seed varieties. Our results highlight the need to expand breeding programs as well 

as seed distribution, so as to broaden the diversity of available cover crop seed options.  
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Discussion 

Evidence of divergent paradigms 

 While nutrient management frameworks are primarily based on supporting services, 

biological management frameworks are structured on regulating services. Thus, ES are fragmented 

categorically by their supporting and regulating value (MEA, 2005). Supporting value suggests an 

underlying paradigm of ableism and exists on a discrete scale, whereby ecosystem states are 

differentiated on the basis of an ability to serve. The paradigm of regulation is the preservation of 

multiple processes and ecosystem qualities: the purpose of regulation is one of moderation and 

balance, on a continuous scale. Thereby, we observe that each specialized framework abides to 

separate logics. The first logic, associated with nutrient management frameworks, favors 

profitability over biodiversity. It ascribes to an anthropogenic view of agriculture (Purvis et al., 

2018; Callicott & Mumford, 1997), whereby resource conservation is valued for its ability to 

sustain socio-economic growth. The second logic, associated with biological management, 

attributes a higher value to the preservation of nature and its biodiversity, in addition to continued 

productivity, thereby taking a more biocentric approach. Figure 2.7 further illustrates the divide in 

cover crop assessment structures, defined by researchers’ approach to yields. Comparing across 

frameworks, we notice strong similarities between productivity and nutrient management 

frameworks, and noticeable differences between conservation and biological management 

frameworks. Notably, only the biological management framework links biological processes to 

gains in net primary production. The fragmentation of scientific research across distinct 

sustainability paradigms leaves the immensely complex work of interpretation to practitioners. We 
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suggest that addressing lags in the uptake of science-driven solutions requires negotiating a shared 

strategy, across differential value systems. 

 

Lags in cover crop design 

Much of the rationale behind the use of multi-species cover crops is based on the tested 

diversity-productivity theory, whereby increased diversity is expected to increase cover crop 

primary productivity and ES, through higher resource use efficiency (Tilman et al., 1997). In 1997, 

foundational work by Tilman et al. demonstrated that ecosystem processes not only depend on the 

identity of species but also the number of species within an ecosystem (Tilman et al., 1997). It was 

shown that the integration of diverse mixtures of species within an ecosystem could support a suite 

of ecosystem services. At the time, it had been established that productivity could accrue with the 

addition of up to 5 species. Tilman’s later work demonstrated increases in ecosystem productivity 

with up to 16 species (Tilman et al., 1997; Tilman et al., 2012). Although these studies were 

conducted in natural systems, other studies suggest that intentionally increasing plant diversity 

through cover cropping could substantially augment agroecosystem services (Schipanski et al., 

2014; Finney & Kaye, 2017). Our results indicating an average of 2 species per cover crop in 

addition to the cash crop and 4 ES per assessment are in contradiction with Tilman’s diversity-

productivity theory. The limited use of polycultures may be attributed to the limited availability of 

improved seed varieties for cover cropping and existing lags in breeding programs for cover crop 

cultivar development. With unimproved seed varieties, the establishment of species-rich 

assemblages is especially challenging, due to poor germination and antagonistic interactions 

between species, limiting productivity.  Yet, the use of simplified one- to two-species cover crops 
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restrains our capacity to evaluate the full benefits of higher diversity and of the ecosystem services, 

supported by polycultures.  

 

Reaching a consensus on the rationale of cover cropping 

The lack of marketability of certain ES limits research advancements, which in turn impact 

stakeholders’ valuation and their willingness to invest in these services. We observe that many of 

unexplored ES linkages pertain to conservation measures and that these ES associations have not 

been presently ascribed a marketable value. Although some ES linkages may not have enough 

substance for investigation in research, exploring some of these data gaps could bring valuable 

updates to our current conception of marketable ES. In his work, Swinton et al. discuss the 

importance of public engagement in valuing ecosystem services for agriculture (2006). Swinton et 

al. suggest that the development of measurement systems is key to create markets and policies, 

which support the provision of ecosystem services and considers them as outputs (Swinton et al., 

2006). Frameworks have been developed specifically for cover cropping to account for ES bundles 

and co-occurrences (Schipanski et al., 2014). Beyond the definition of indicators and metrics, 

assessment structures need to account for dynamics between services in the form of synergies and 

tradeoffs. Frameworks such as the Sustainable Intensification Framework provide a set of 

methods, practices, and principles to account for ecosystem dynamics (Musumba et al., 2017). 

This framework integrates social services in its environmental assessment, which evaluates 

provisioning, regulating and supporting services. Our results indicated that social and cultural 

services are especially under-represented in the scientific literature. Due to the low representation 

of knowledge diffusion and cultural services in the articles of our study, these services were not 

included within our final ES visualization (Appendix A – Supplementary Information 2.4 - Pearson 
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et al., 2003; Sastre et al., 2017). However, we recognize their importance and the esthetic, spiritual 

and cultural value of perennial agro-ecosystems.  

Dendoncker et al. (2018) suggest that the transition towards agroecological practices 

requires the development and use of integrated ES valuation systems in science. The Sustainable 

Intensification Framework proposes a set of methods to integrate socio-cultural services with the 

assessment of agro-ecosystem sustainability (Musumba et al., 2017). Other frameworks and 

processes have also been developed to integrate different motivations for cover cropping: the ES 

assessment framework for agroecological transitions in practice (Dendoncker et al., 2018), the 

goal-oriented indicator framework (Olsson et al., 2009), the adaptive learning process (Reed et al., 

2006) and the multi-criteria, multi-stakeholder assessment for cover cropping (Ravier et al., 2015). 

Although not yet applied to cover cropping, system-based modelling efforts have developed multi-

level storylines and participatory socio-environmental modules to better represent different 

realities and perspectives within agro-environmental sustainability assessments (Nassar et al., 

2020). Our dataset reveals that distinct schools of thought have commonly adopted the language 

of “cover crops”. Due to existing differences in the selection of metrics, particularly yields and 

economic indicators, integrating each realm of research into tradeoff assessments and 

comprehensive frameworks may be particularly challenging.  

Although cover crop knowledge frameworks are intricately contextualized and 

systematized, the design of cover crops is not. Addressing barriers to cover crop adoption requires 

that seed design rationales be integrated within cover crop sustainability discourse. Indeed, formal 

literature rarely explicitly describes researchers’ processes of seed selection or clarify the chosen 

design criterion of tested cover crops. Our analysis reveals that, within ES assessments, primary 

production services have largely been recognized as the core component of ES provision. Biomass 
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production was the most-reported ES, monitored in 64% of studies. In comparison, biodiversity 

was monitored in only 36% of studies (Figure 2.4, Figure 2.5.a). Emerging research has revealed 

that, aside from net primary productivity, plant functional traits (i.e., biological N fixation, leaf 

area index, floral display) are reliable predictors of cover crop ES (Finney & Kaye, 2017; Smith 

et al., 2014; Blesh, 2017). Advancements in the understanding of the linkages between 

multifunctionality and plant functional diversity open new opportunities to elaborate cover crop 

seed selection rationales (Tribouillois et al., 2015; Faucon et al., 2017). This highlights new 

opportunities to optimize cover crop selection, to meet stakeholders’ desired outcomes. 

The widespread adoption of cover cropping is delayed by sets of catch-22s. With limited 

economic compensation for cover cropping, seed costs constitute an important opportunity cost 

for farmers, leading research to focus on low-cost mixes of one to two species. We observe a 

noticeable lag in development of new cover crop cultivars, despite the need for improved seed 

varieties. Poor germination, winter-kill and indeterminate flowering limit the beneficial outcomes 

of unimproved seed varieties. The use of simplified mixtures in cover cropping restrains our 

capacity to capitalize on the synergetic effects of higher diversity for ES delivery, predicted by 

Tilman’s diversity-productivity theory (Tilman et al., 1997). Thereby, the transition towards cover 

cropping is held by a valuation-optimization bind, whereby development is constrained by lack of 

perceived value and value is limited by lack of optimization. Considering the socio-cultural 

process of catch-22s, addressing these complexities will require recognizing shared priorities and 

negotiating a common vision, across differential value systems. We propose that reaching a 

consensus over the rationale of cover cropping for sustainable agriculture requires that decision-

processes in seed selection be elucidated and integrated within the broader sustainability discourse. 

With clear and comprehensive systems of ES valuation, optimization can integrate experiential 
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feedback to scientific knowledge, and develop seed selection, which reflects practitioners’ system-

based objectives. This will require the important engagement of the seed industry to establish 

breeding programs and regional optimization trials, as well as the work of seed distributors to 

secure widespread availability of improved cover crop varieties. 

 

Limitations and Future Research 

Our keyword selection procedure had limitations. Future research would need to verify the 

representativeness of our subset of studies. There likely exist additional relevant cover crop 

research articles for perennial systems. These articles may have used the terms “cover-crops”, 

“cover crops”, “soil health practice”, “soil management practice”, “conservation practice” to refer 

to the same practice. Our selection process may not have collected these articles. There likely exist 

more than 285 studies reporting on this subject. 

In total, research investigated cover cropping effects across 44 commodities and 36 

countries. Although these data provide important insight into the distribution of this research 

across the agricultural landscape, it may not reflect countries’ respective contribution to the 

research, as lead and/or partnering institutions, nor does it report on the distribution of research 

between industry, governmental and university sectors. It is important to note that our database 

presented a regional data gap, as there were no studies conducted in Russia. Prior literature 

indicates that considerable work was conducted by researchers of the Soviet Union on the role of 

cover crops in supporting biological control in orchards (Altieri & Schmidt, 1985). In particular, 

we were unable to access works of Telenga (1958) and Chumakova (1960). Furthermore, although 

some of the literature included was in Portuguese, Chinese and French, the vast majority of 
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literature included in this study was in English and therefore may not have encompassed the full 

breadth of knowledge available internationally.  

Conclusion 

In this time of transformative change, we must reflect upon the relevance of the leading 

normative and cognitive systems of knowledge production and the decision frameworks they 

support. By doing so, we may reconcile for the asymmetries in social realities and cultural 

meaning, to build a more inclusive conceptualization of agricultural sustainability. Conceptual 

growth comes from negotiating meaning, sharing multiple perspectives of reality and creating a 

shared vision. In this study, we take a constructivist approach to explore the socio-cultural 

constructs through which cover crop knowledge has been developed, and how this social quality 

shapes our appreciation of this practice. We bring to light the disparate nature of the two leading 

scientific rationales for cover cropping, and their distinct visions of sustainable agriculture: 

anthropogenic conservation and biocentric preservation. The anthropogenic conservation 

approach is directed towards natural resource conservation for sustainable consumption. The 

ecological preservation approach assumes nature is inherently valuable, irrespective of immediate 

profitability. This leaves the risks and challenges of interpretation to practitioners, who must make 

multi-disciplinary decisions. Although cover crop ES are intricately systematized, the design of 

the practice is not. We suggest that the increased adoption of cover cropping is held by a valuation-

optimization bind whereby confounding ES value systems and considerable lags in seed design 

optimization delays cover crop utilization. Unlocking this bind will require the engagement of the 

seed industry to develop optimized seed varieties and to ensure their widespread distribution. This 

can only occur with a two-way conversation of value systems between researchers and 

practitioners, over the rationale of cover cropping as a pillar of sustainable agriculture.  
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Figure 2.1. Global distribution of cover crop field research for perennial systems. Field research, 
reported in the comprehensive literature (n=285), was distributed between 36 countries. Circle size 
and coloration reflect the respective number of studies per country or region, ranging from 1 to 90 
studies. The differential color and size of circles reflect the heterogeneous distribution of cover 
crop field research among countries. This distribution shows that cover crop field research 
occurred within a limited set of countries. Circle diameters are proportional to the number of 
studies conducted per country, as indicated by the grey bars scaled from 1-100 in the legend. 
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Figure 2.2. Distribution of cover crop research, by perennial system, distinct to country. Due to 
the high quantity of research conducted in the USA, research was presented by state. Research 
distribution between the types of perennial crop reveal distinct interests and priorities by country, 
which likely reflect different socio-economic contexts and bio-zones.  

 

 

 

 



 67 

Figure 2.3. Distribution of cover crop research by perennial crops. Perennial crops are classified 
by yield category: ‘fruit and nut’ or ‘other’, which encompasses all other products including tea, 
rubber, timber, etc.  Literature reported cover cropping research, conducted in 44 different 
perennial crops (woody and vine), suggesting a common interest for cover crops, across a diverse 
set of agronomic contexts. Data reveal differential research coverage by perennial crop.  
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Figure 2.4. Distribution of research among pairwise ecosystem service (ES) linkages, in cover 
crop literature, for perennial agro-ecosystems. Cell color and annotation reflect the number of 
studies, which replicate the study of a given pairwise ES linkage. The heterogenous distribution 
of research among pairwise ES linkages reveals a non-randomization of scientific observations 
and a valuation of knowledge. ‘Hot spots’, illustrated by cells of darker coloration, reveal common 
scientific pathways and a systemization of knowledge production. These pathways shape the 
contours of cover crop knowledge. 
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Figure 2.5. Map of knowledge production pathways in cover crop scientific research, for perennial 
systems. a. Individual ecosystem service (ES) research coverage. b. Pairwise ES linkage research 
coverage. We define “research coverage” as the proportion of studies within the whole body of 
scientific literature, which replicate the study of a given service or linkage of services. Research 
coverage is represented either by a) node or b) link coloration and size. Link coloration follows 3-
step increments: increment 1 illustrates research coverages of 1-12 %, increment 2 corresponds to 
13-24% coverage, and increment 3 corresponds to 25-35% coverage.  

 

a. Biological management

b. Nutrient management

a. Individual ES research coverage

b. Pairwise ES research coverage
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Figure 2.6. Map of specialized knowledge pathways in cover crop scientific research, for perennial 
systems. a. Biological management knowledge frameworks, defined as those measuring one or 
more of the following ES: [Pollination], [Wildlife habitat], [Pest suppression], [Beneficial insect 
conservation] and [Weed suppression]. b. Nutrient management knowledge frameworks, defined 
as those measuring one or more of the following ES: [Nutrient cycling], [N mineralization], [Soil 
C], [Water dynamics], [Soil structure], [Soil retention], [AMF colonization], [NO3- leaching] and 
[GHG regulation]. Common knowledge pathways within either specialized framework are 
differentiated by their greater research coverage and illustrated by linkages of color increments 2 
and 3. 

 

a. Conservation focus

b. Productivity focus

a. Biological management

b. Nutrient management
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Figure 2.7. Map of knowledge pathways, distinct to research focus in cover crop literature for 
perennial systems. a. Knowledge frameworks associated to a conservation focus, defined as 
research, which did not report agronomic yields. b. Knowledge frameworks associated to a 
productivity focus, defined as research reporting yields. Common knowledge pathways associated 
with each focus are illustrated by larger link sizes and darker coloration. Data demonstrate that the 
fragmentation of research, on the basis of yields, generated distinct systems of knowledge 
production. 
 

 

a. Conservation focus

b. Productivity focus

a. Biological management

b. Nutrient management
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Figure 2.8. Dendrogram indicating the number of research trials conducted per cover crop plant 
family, genus and species. Common research pathways are illustrated by larger link sizes and 
darker coloration. Data were aggregated from cover crop studies conducted in perennial systems 
(woody and vine). We define ‘trial’ as an individual study of a cover crop species within diverse 
specie assemblages, published in research literature.  
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Chapter 3: Ecosystem service measurements reveal that the sustainable use of cover crops 

is specific to perennial crop type 

Abstract 

Cover crops have been touted for their capacity to enhance multifunctionality and 

ecosystem services (ES). Ecosystem services are benefits which people obtain from ecosystems. 

Despite nearly a century of cover crop research, there has been low adoption of the practice in 

perennial systems of many parts of the world. Emphasis on the multi-functional dimension of cover 

crop outcomes may misrepresent the practice as a panacea for sustainable agriculture and distract 

from the need to tailor the practice to specific contexts and differing value systems. In this study, 

we explore how cover crop ecosystem service frameworks reflect the distinct environmental 

realities of perennial agriculture. We considered that ES value systems are manifested through the 

non-randomization of research coverage. Therefore, value systems can be elucidated through 

evidence-based systematic mapping. Our analysis revealed differential systems of ES valuation 

specific to perennial crop types. While ES frameworks are heavily contextualized, the design of 

seed mixes is not. We suggest that cover crop adoption could be enhanced by clearly 

acknowledging the different conceptualizations of agricultural sustainability addressed by various 

cover crops. Furthermore, explicitly delineating the competing desires of stakeholders is a crucial 

step in rationally selecting between various cover crop seed mix options. 

Introduction 

After more than a century of cover crop field research, scientific discourse has 

acknowledged the important contribution of cover cropping to the sustainability of food systems. 

The rationale behind the use of multi-species cover crops in support of agricultural sustainability 
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is based on Tilman’s diversity-productivity theory. Tilman demonstrated that increased diversity 

could augment cover crop primary productivity and ES through higher resource use efficiency 

(Tilman et al., 1997). Thereby, ecosystem processes are not only dependent on the identity of 

species, but also on the number of species within a given ecosystem. Although initial studies 

suggested increased productivity with up to five species within an ecosystem, later work 

demonstrated benefits with up to 16 species (Tilman et al., 1997; Tilman et al., 2012). These 

studies were originally applied to natural ecosystems and then to cover crop studies for agro-

ecosystems (Smith al., 2020; Housman et al., 2021; Florence et al., 2019). More recent research 

demonstrates that, beyond improvements in resource use efficiency, increased diversity may 

benefit ecosystem functioning by supporting diverse plant functional traits (biological N fixation, 

floral display, leaf area index and ground coverage) (Finney & Kaye, 2017; Smith et al., 2014; 

Blesh, 2017). These recent findings highlight opportunities to align cover crop seed selection and 

design to meet differential conceptualizations of agricultural sustainability. 

The outcomes of cover cropping have been broadly introduced across the scientific 

literature as a cumulative suite of ecosystem services: soil retention, pollinator habitat provision, 

weed control, improved soil physical properties, carbon sequestration, biocontrol services, 

enhanced water quality and improved nutrient cycling (Vicente-Vicente et al., 2016; Vukicevich 

et al., 2016; Gomez, 2017). Recent literature demonstrates that cover crop services occur in 

bundles (Finney et al., 2017; Raudsepp-Hearne et al., 2010). However, comprehensive studies 

verifying the co-occurrence of these many services remain scarce (Shackelford et al., 2019). 

Managing for the co-occurrence of multiple ecosystem services holds challenges—for instance, 

mowing N-rich vegetative covers to improve nutrient cycling may be incompatible with the 

provision of floral resources to increase pollinators. In turn, promoting flowering of cover crops 
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may come at the cost of higher water consumption for an orchard. Perennial agro-ecosystems 

(woody and vine) provide unique opportunities to explore the benefits of a wide variety of cover 

crop uses and functions (Bugg et al., 1991; Altieri & Schmidt, 1985; Garcia et al., 2018; Pardini 

et al., 2002). Perennial systems represent an enormous diversity of cropping systems, varying in 

planting design (i.e., square, offset and hedgerow configurations), harvest strategies (i.e., 

mechanical harvests in cherry systems compared to dry floor harvests in almond) and pruning (i.e., 

removal of pruning residues compared to on-site mulching) (Ramos, 1997; Micke, 1996). These 

diverse agronomic practices reflect the different climates, soil types and economic contexts of 

perennial production systems and have immediate implications for the management of cover crops 

and their associated ES (Power, 2010; Demestihas et al., 2017; Kragt & Robertson, 2014; 

Syswerda & Robertson, 2014). These differences in management directly influence cover crop 

management, including the timing of cover crop seeding, the feasibility of berm cover, the degree 

of soil surface coverage and the ease of mowing operations (Ingels, 1998; Grant et al., 2006). 

Compared to annuals or biennials, the perennial nature of woody and vine systems provides 

opportunities to study cover crops across multiple seasons and to explore different termination 

dates. In perennial systems, cover cropping can potentially fulfil a diversity of functions within 

these systems (i.e., pest suppression, soil retention, etc.), and take different forms, based on varying 

ecosystem service valuation systems. 

Although ecological rationales for cover cropping have been elucidated, the 

implementation of the practice lags. There has been slow and limited adoption of cover cropping 

in many parts of the world (i.e., only 1.7% in US farmlands) (Neill & Lee, 2001; Eilittä et al., 

2004; DEFRA, 2017; USDA, 2017; Kinyua et al., 2019). This disconnect is important because to 

address societal imperatives (i.e., large-scale initiatives like the Soils for Food Security and 
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Climate 4/1000 Initiative, the UN Sustainable Development Goals and the UN Convention on 

Biological Diversity), the widespread adoption of sustainable agricultural approaches must occur, 

and cover cropping is a cornerstone practice. We believe a major gap between the establishment 

of scientific evidence and the actual uptake of sustainable agronomic practices is hindering 

progress. We suggest that lags in cover crop adoption reveal a mismatch between the scientific 

discourse and the relevance of the practice to growers. Surveys and focus group studies of 

practitioners have explored key factors involved in the decision to use cover crops. These factors 

include barriers (i.e., difficult management of the cover crop, cost of establishment and market 

forces) (O’Connell et al., 2015; Moore et al., 2016; Dunn et al., 2016; Roesch-McNally et al., 

2018) and motivators (i.e., increased soil organic matter, support of biodiversity) (O’Connell et 

al., 2015; Moore et al., 2016). Although the literature contains reports on the logic of practitioners 

for cover cropping, very little work has been done on the production of scientific knowledge, in 

which information can be similarly systematized to reflect scientists’ values. We suggest that the 

dissemination of cover crop knowledge from scientists to extensionists and stakeholders may 

reflect differential value systems, which obscure the benefits of multi-species covers and penalize 

them for economic constraints. We consider that lags in cover crop adoption are not solely due to 

knowledge gaps and uncertainties, but are the result of differing ES valuation systems and, 

particularly, different prioritizations of economic profitability, relative to other ecosystem services. 

A large body of literature has attempted to create a consensus in terms of a common, 

coherent definition of sustainability (Purvis et al., 2018; Seager, 2018). However, some claim that 

sustainability as a concept is inherently malleable, due to its socio-cultural foundation and the 

existence of differing environmental realities (i.e., soil type, bio-zones and vulnerabilities to 

climate change, etc.). Hence, the meaning of sustainability exists on a spectrum of interpretations. 
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Ecosystems services refer to the many additional services beyond food production, which society 

gains from agroecosystems. We propose that the ways in which ecosystem services are valued in 

cover crop assessments reflect different conceptualizations of agricultural sustainability. In the 

first section, we provide a literature review of cover crop developmental history, to consider how 

the development of the practice has historically reflected shifts in societal preferences and 

sustainability goals. In the second section, we conduct a meta-analysis of cover crop literature 

conducted in perennial systems and ask whether the nature of the ecosystem services measured 

within cover crop studies are dependent on commodity type. We ask how the malleability of cover 

crop assessment structures is reflected in the selection of cover crop plant species presented in the 

scientific literature. We consider that acknowledging the differential interpretations of 

sustainability expressed in the diverse uses of cover crops is key to the future development of the 

practice. 

Materials and Methods 

Historical review of cover crop research and development 

To contextualize perennial field research within the broader history of cover crop research, 

we performed a detailed literature review. We studied the socio-cultural contexts in which different 

uses of cover cropping were developed, as well as shifts in cover crop designs in response to 

changes in societal goals. In this review section, we consider cover cropping as applied more 

broadly to both annual and perennial agroecosystems. We considered that cover crop 

developments in annual systems largely contributed to those of perennial systems. We explored 

the United States’ history specifically as a case study of cover crop research and development. Our 

historical review begins in 1900, when the use of “cover crop” as a term was first recorded. 

However, we recognize that this practice is ancient, with records of cover cropping dating back 
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over a millennium. Our analysis considered existing cover crop reviews, particularly the works of 

Bugg and Waddington (1994), Groff (2015), Hartwig and Ammon (2002), Peshin et al. (2014), 

and Altieri and Schmidt (1985), as well as more eco-sociological works, such as the work of 

Cochrane (1993). In studying these works and others, we focused on socio-economic events and 

scientific discoveries, which influenced the emergence of specialized cover crop uses, particularly 

nutrient management and biological management applications. In doing so, we considered the 

development of cover crop rationales across specialized scientific disciplines, and how their 

associated methodological approaches may have shaped the design and uses of cover cropping. 

Meta-analysis 

Identification process: Selection of studies 

A literature search was conducted following the methodology described in the “Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA) process (2009). This 

process includes four steps: identification, screening, eligibility and inclusion, as detailed in Figure 

3.1. Data were extracted on 05/05/2020 primarily through Web of Science (Clarivate Analytics 

®). We used a keyword-based approach to identify relevant articles, assuming this method would 

provide a roughly representative sample of the literature. The following keyword combinations 

were used as Core Collection Topic entries: (1) “cover crop” x “orchard”, 198 results, (2) “cover 

crop” x “woody”, 27 results, (3) “orchard” x “floor management”, 135 results, (4) “woody” x 

“floor management”, 135 results, (5) “perennial” x “floor management”, 25 results and (6) 

“perennial” x “cover crop”, 264 results (Figure 3.1). The timespan selected included 1900 to 2020. 

Web of Science Topic entries searches article titles, abstracts, author keywords, as well as data in 

Keywords Plus, defined as words or phrases which frequently appear in the titles of the referenced 
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articles, but which are not present within the title of the article itself. Therefore, the identification 

of articles was limited by our keyword selection and the efficacy of keyword indexing. To partially 

amend for this limitation, we complemented our Web of Science database with searches through 

BioOne, PLOS, JSTOR, ScienceDirect, Oxford Journals, Springer Link, Taylor and Francis 

Journals, Wiley Online and WorldCat. We extracted a total of 859 published studies. Following 

the screening and eligibility process detailed in Figure 3.1, 285 articles remained.  

Screening and eligibility process: Field experiment characteristics 

Our analysis included only studies conducted under field conditions. Cover cropping was 

defined as a vegetative cover within orchard alleyways and also included research where tree 

berms were seeded. Studies where cover crops were not integrated within the orchard, such as 

hedge row trials, were excluded. Native vegetation covers were included only when plant species 

were identified. We defined “perennial agro-ecosystems” as land-use systems, in which woody 

and vine perennials are managed as agricultural crops. Our definition overlaps with certain 

definitions of “agroforestry systems” (FAO, ICRAF), but does not include linear agroforestry 

systems (i.e., riparian forest, buffers, windbreaks, etc.) (USDA). Our analysis did not include 

creeping vine crops or herbaceous climbing plants, such as vanilla (Vanilla planifolia), hops 

(Humulus lupulus) and cucumber (Cucumis sativus). Following inclusion, 285 cover crop articles 

remained, of which the source references are detailed in Appendix B – Supplementary Information 

2.4. Although most material was peer-reviewed, our selection also included land-grant university 

extension articles and conference materials. 

The selected field research included orchard-, grove- and plantation-based cover crop 

studies. Review- and model-based articles were excluded in the screening process. Greenhouse, 
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glasshouse and pot studies were not included. Nursery studies, pre-plant studies and pre-mature 

orchard trials were excluded. The remaining studies were conducted either on commercial crop 

land or in experimental field stations. Due to the different spatial scales of ecological processes 

(Kremen et al., 2012), our study selection integrated different investigative approaches and scales 

of study. For instance, soil studies are often conducted with replications of ~4000 sq. meters, 

whereas pollination studies required landscape separations of 1 km to capture variations in bee 

foraging. Indeed, entomological studies have higher potential for community crossover and 

mobility between treatment replications. As such, randomized block designs or split plot designs, 

conducted within single orchard plots or at a small scale are often not appropriate for 

entomological studies. Due to the different motivations that compel researchers to study cover 

crops, our meta-analysis also integrated different experimental controls. For example, nutrient 

resource management studies compare the use of cover crops to fertilizer products and tillage 

practices, whereas biological management studies compared use of cover crops to synthetic 

pesticide application or other biological agents, used as controls.  

Study inclusion process 

Following the study identification, screening and eligibility processes, 285 studies 

remained, of which the annotated source references are detailed in Appendix B – Supplementary 

Information 2.4. We recognize that this may represent a low retention of the broader cover crop 

literature. We consider that this low retention is primarily due the different usage of the term “cover 

crops” within literature. We defined “cover crops” as seeded covers and included resident covers 

for which plant species had been identified. Therefore, we used a more restrictive definition of 

cover crops, compared to its broader definition as an established vegetative cover. Furthermore, 

although our analysis included studies, which referred to cover crops as catch crops, green manure, 
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living mulch, sod, inter-crops and service crops, our search was based on the keywords “cover 

crop” and “floor management”. Therefore, our keyword selection restricted the type of cover crop 

studies selected within our study, which may in part explain the relatively low retention of studies. 

Data extraction  

Ecosystem services associated with cover cropping 

Much cover crop research predates the introduction of the concept of “ecosystem services”, 

first introduced by Daily (1997) and Costanza (1997). Although the term “ecosystem service” was 

not always explicitly used, most cover crop studies reported and monitored the impacts of cover 

crop ecosystem functions and services. In our evaluation of the perennial agro-ecosystem 

literature, we recorded 19 ecosystem services associated with cover cropping. Of these services, 

10 were regulating services (beneficial insect conservation, biodiversity support, greenhouse gas 

(GHG) regulation, nitrate (NO3-) leaching control, pest suppression, pollination support, soil 

retention, water dynamics regulation, weed suppression and wildlife habitat provision), 7 were 

supporting services (arbuscular mycorrhizal fungi (AMF) colonization, biomass production, water 

dynamics regulation, N mineralization, nutrient cycling, soil carbon and soil structure) and 3 were 

provisioning services (crop yield, economic profitability and knowledge diffusion) (Appendix B - 

Supplementary Information 2.2). Our characterization of cover crop-mediated ecosystem services 

and their classification was based on the Millennium Ecosystem Assessment (2005), and based on 

the framework for cover crop assessment, described by Schipanski et al. (2014). 

We defined biomass production as net primary production, including non-marketable, 

vegetative crop growth metrics, and cover crop productivity metrics. In contrast to other studies, 

we considered biodiversity as an ecosystem service. Biodiversity services included aboveground 
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metrics (i.e., insect biodiversity, plant species biodiversity) as well as below-ground metrics (i.e., 

soil food web biodiversity, microbial biodiversity). Biodiversity plays a central role in supporting 

other ecosystem services and is often included as a supporting service in ecosystem service 

frameworks (Power, 2010; Kremen & Miles, 2012). Pest suppression services included 

aboveground and belowground suppression of pests, including parasitic nematodes, insect pests, 

and parasitic fungi. Due to the low research coverage of knowledge diffusion and other cultural 

services, these services were not included in our evaluation of ES. However, we recognize their 

importance and the esthetic quality of perennial agricultural systems.  

Country of study site and commodity type 

To understand the different agronomic and socio-economic contexts of cover crop use, we 

recorded the countries in which cover crop field research was conducted. For meta-studies 

indicating multiple field sites, we recorded each country represented in the study. Comprehensive 

literature reports cover crop research conducted in 36 countries (Figure 3.2). We recorded the 

number of cover crop articles available per commodity group. The literature reported cover crop 

research that had been conducted in 44 different perennial crops, suggesting a common interest in 

the practice, across a diverse set of agronomic contexts (i.e., planting densities, pruning 

management, etc.) (Figure 3.3).  

Cover crop mix design and optimization 

Based on Tilman’s diversity-productivity theory (Tilman et al., 1997), we assumed that 

ecosystem processes are dependent on the identity of the species and the number of species within 

a given ecosystem. For each article, we recorded the number of cover crop mixes tested, the 

number of species assembled per mix and the identification of cover crop mix species. Plant 
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identification included family, genus and species. In our study, we define “cover crop 

optimization” as the process of calibrating the practice and assembling a mix of species to enhance 

the cover crop’s response to system-based needs. We define cover crop “trial” as an individual 

study of a cover crop species within diverse species assemblages, as published in the research 

literature. We consider that diverse uses of cover cropping, adapted to different ES valuation 

systems, should be reflected in species mix designs (i.e., species identification and number of 

species). 

Data analysis: Research coverage and ES valuation  

In contrast to conventional meta-analyses, we focused on the constructs of scientific 

research pathways rather than on the impact of service outcomes. We deconstructed articles into 

multiple ES observations to explore the knowledge frameworks by which cover crops have been 

analyzed. For each study, we recorded individual ecosystem service observations as well as 

pairwise service linkages. We consider that the constructs of ES frameworks within cover crop 

articles are intrinsically tied to scientific interests. We propose that the non-randomization of 

research coverage reveals socio-cultural constructs, shared situational awareness, and common 

scientific interests. These often-overlooked social processes define the contours of the mental 

frameworks and knowledge pathways of researchers. We define “research coverage” as the 

proportion of studies within the entire body of scientific literature, which replicate the study of a 

given ecosystem service or linkage of services. We use the term “ES frameworks” to refer to shared 

pathways of scientific inquiry in cover crop research. As such, we provide a view of the research 

distribution across different pathways of scientific inquiry and shed light into the ways in which 

cover crop knowledge has been developed. 
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Data visualization 

Descriptive statistics were used to characterize the whole population. For data analyses, we 

used a combination of Microsoft Excel (Version 16.43), to organize and format data, and Tableau 

Data Analytics and Visualization Software (Version 2020.2.1) for the preparation of geographical 

maps, and heatmaps. Because our focus was on the whole population, our process did not involve 

data randomization or blinding. We aggregated ecosystem service observations to provide a 

system-wide visualization of cover crop assessments and common ES frameworks, specific to 

commodity type, as detailed in Figure 3.3 & 3.4. Hot spots illustrated by darker cell colorations 

indicate higher research coverage for a given ecosystem service, specific to commodity groups. In 

Figure 3.5, a heatmap is used to illustrate the number of cover crop designs tested per commodity 

type. Additionally, commodity-specific cover crop designs are indicated by the number of species 

assembled within mixes. For each commodity, the cell’s coloration and annotation in the heatmap 

reflect the number of cover crops tested per species count. Systematic mapping supports 

integration of the narrative and visual significance of the research distribution across ecosystem 

services explored, to draw a more comprehensive picture of cover crop-meditated services, in lieu 

of fully exhaustive ecosystem service assessments. 

Results and Discussion 

Review: History of cover crop development in US agriculture 

In the United States, the term “cover crop” was first introduced by Dr. Bailey at Cornell 

University around 1900 (Waite, 1909). The initial motivation for the use of cover crops was “to 

protect the soil from washing and leaching and to protect the roots of trees from freezing” (Waite, 

1909; Hedrick, 1926). The concept of plant functional traits was established early in modern 
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history with key discoveries, including that of biological nitrogen fixation (BNF), supported by 

legume species (Beijerinck, 1901). This understanding of the role of plants in N cycling was 

followed by the discovery of the Haber Bosch process in 1909. Improved knowledge of the N 

cycle and plant nutrition played an undeniable role in the development of cover crop practices. 

During the Green Revolution, advancements in N fertilization methods paired with plant breeding 

led to spectacular improvements in productivity. Much of cover crop research revolved around N 

partitioning and focused particularly on two distinct functions: improvements in N fixation and 

the reduction of N leaching (Hartwig & Ammon, 2002). Within this context, cover crops were 

evaluated as a soil nutrient management strategy, in support of agricultural productivity.  

Following the devastating erosion events of the Dust Bowl in the 1920s and 1930s, cover 

crops gained attention as a soil conservation practice. The Dust Bowl led to shifts in societal 

imperatives and contributed to the establishment of soil conservation policy in the United States. 

Early in the establishment of land-grant university research, there were records of cover crop trials 

in orchard systems (UCCE, 1921; Johnson, 2003). Writings at that time were focused on use of 

cover crops to protect soils: “to support soil conservation and to prolong the life of agriculture”. 

Similarly, early records of the Soil Science Society of America include cover crop research to 

improve soil quality (Hester et al., 1936; Karraker & Bortner, 1938). However, as plentiful and 

inexpensive N synthetic fertilizer became readily available in the 1950s, the interest in cover 

cropping declined (Rifkin, 1983; Crookston, 1984; MacRae & Mehuys, 1985; Karlen et al., 1994). 

By the mid-1960s, the practice was widely discontinued (Groff, 2015; Frye et al., 1985).  

In 1973, the oil embargo generated spikes in the prices of fuel and fuel-based 

agrichemicals. The strong dependency of Green Revolution agriculture on fuel became painfully 

apparent, generating renewed interest in research conservation practices (Hartwig & Ammon, 
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2002). In 1984, Odell et al. warned of rapid losses in soil organic matter, highlighting the sharp 

decline in U.S. corn belt SOM from 12% to <6%, in just 100 years of crop production (Odell et 

al., 1984). In 1988, with the rise in awareness of the harmful effects of global warming, the 

International Panel on Climate Change (IPCC) was established (Lipper & Zilberman, 2018). As 

the public became aware of the daunting effects of climate change, carbon cycling and 

sequestration became increasingly integrated within cover crop research. Climate disruptions 

induced a change in the way that conservation had been previously perceived. Conservation 

assumed that environments were relatively stable over management periods. However, projected 

shifts in species diversity and ecosystem functions challenged this concept. Cover crop studies 

reflected this change. With increased knowledge of C sequestration mechanisms, research efforts 

were directed towards the development of cover crops, as a climate-smart agriculture strategy 

(FAO, 2009).  

A second, parallel branch of cover crop research focused on integrated pest management 

(IPM) and biological management for agro-ecosystems. In the 19th century, the outbreak of the 

potato blight in Europe was pivotal in consolidating research efforts towards the development of 

pest management strategies. Agriculture moved away from traditional practices (manual and/or 

cover crops) towards the integration of inorganic chemicals for insect pests, diseases and weeds. 

Lead arsenate was used at the beginning of the 20th century for insect control, at the expense of 

soil contamination. At the time, work on plant functional traits identified biochemical processes 

among organisms and the concept of “allelopathy” was introduced by Molisch (1937), establishing 

a foundation for later weed suppression research. However, as land tenures were consolidated and 

monoculture expanded, agriculture became increasingly vulnerable to damage from dominant pest 

species and diseases.  
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By 1940–1950, the use of synthetic pesticides became the common practice for pest control 

in the U.S. and the use of cover crops was largely discontinued (Peshin et al., 2014; Hartwig & 

Ammon, 2002). However, by 1960, the environmental damage caused by chemical pest control 

and fuel-dependent agri-chemicals gained attention among environmental groups. In 1962, Rachel 

Carson’s book ‘Silent Spring’ denounced the environmental repercussions of intensive agricultural 

production methods and raised public awareness about the detrimental effects of DDT (Carson, 

1962). Other critical pieces including Ehrlich’s The Population Bomb (1968) and the Ecologist’s 

A Blueprint for Survival (1972) made way for the rise of modern environmental activism.  

Responding to the increased need for conservation strategies, the first concepts of 

“integrated pest management” was first introduced by Stern et al. (1959), which initially integrated 

both chemical and biological solutions. In Stern’s foundational work, cover crops were presented 

as a way to “create refuge areas” through “string treatments with chemicals”. As such, it is 

important to note that initial designs did not immediately integrate cover crops within inter-rows, 

but rather used hedge strips for insect refuge. Thus, these initial designs did not allow for weed 

suppression co-benefits. Although primarily developed for the control of invertebrate pests, 

original principles of integrated pest management were later successfully adapted for the control 

of diseases, parasitic nematodes and, at a later stage, for weed control (Edwards et al., 1991). Some 

have attributed the later application of IPM for weed control to concerns over water and nutrient 

competition with the primary crop (Echtenkamp & Moomaw, 1989).  

As the oil embargo of 1973 pushed the agricultural community away from fuel-intensive 

practices, farmers converted to minimum tillage practices (Hartwig & Ammon, 2002). Reduced-

tillage systems presented problems, including difficult weed control. Cover crop designs were 

revisited to account for weed suppression (Hartwig, 1977; Hartwig, 1989). By the 1990s, research 
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moved away from combined chemical-biological solutions towards fully biological solutions, 

leading to considerable advancements in cover crop biological control (Else & Ilnicki, 1989). The 

term “biofumigation” was coined in 1993 by J.A. Kirkegaard to describe the effect of 

isothiocyanate release from Brassica species on soil properties (Kirkegaard et al., 1993). In 1994, 

Dr. Robert Bugg published important work on the use of trophic associations of pest arthropods, 

as well as beneficial and neutral arthropods, for biological control.  

Concepts of “plant-soil feedback” were also introduced at the time to describe mutual 

interactions between plants and soil organisms, further advancing cover crop research (Bever, 

1977; Bever et al., 1997). Recent methods in metagenomics have provided new tools to 

characterize soil biodiversity and have created opportunities to better understand linkages between 

above and belowground biological control. These new methods and scientific instruments may 

further promote the uses and applications of cover cropping, in support of ecosystem services.  

Concepts of sustainability and cover crop design 

Although the concept of ‘sustainable yields’ was first introduced by foresters in the 17th 

century, the term ‘sustainability’ only made its way into the public sphere in the 1980s. Thus, the 

use of cover crops predates the introduction of ‘sustainability’, as a concept in modern agriculture. 

As a concept, productivity and conservation narratives merged and established three foundational 

pillars of sustainability: environmental, social and economic sustainability (Purvis et al., 2018). 

Agriculture’s stance towards sustainability is unique from other environmental disciplines, due to 

its societal imperatives. We observe that cover crop research developed in response to socio-

economic events, and evolved to meet societal shifts in sustainability goals. Cover crop research 

for agricultural sustainability has been particularly marked by historical shifts in the valuation of 

productivity-conservation tradeoffs. Nevertheless, despite the heavy contextualization of cover 
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crop uses throughout their developmental history, the formal literature rarely details researchers’ 

seed design decisions or their intended uses for cover crops. We suggest that important lags in 

cover crop adoption are not solely due to knowledge gaps but rather, are the result of confounding 

rationales for cover cropping, presented in the literature, and a lack of clarity in the seed selection 

process. 

For perennial agriculture, yield productivity is dependent on a number of ES, provided by 

natural ecosystems (i.e., pollination, biological control, etc.). Agronomic decisions are rarely 

unilateral but rather involve complex assessments of multiple tradeoffs and opportunity costs. 

Economic factors are inevitably central to cover crop decisions. However, our results indicate an 

inexplicably low inclusion of economic profitability metrics in cover crop assessments, 

proportionally to the reporting of other services (Figure 3.4). We propose that the optimization of 

cover crops must account for diverse realities and perceptions of risk gains. Indeed, the 

augmentation of selected ecosystem services may come at an opportunity cost, affecting other 

services within agro-ecosystems. Meeting commodity-specific ES needs will require a 

differentiation of cover crop objectives and designs. We highlight that multiple uses of the term 

“cover crop” exist: although some designate an aboveground biological control practice, others 

refer specifically to the coverage of soil for conservation purposes. Each reveals differential 

conceptualizations of agricultural sustainability. An emphasis on the multi-functional dimension 

of cover crop outcomes may misrepresent the practice, as a panacea for sustainable agriculture, 

and thus distract from the need to tailor the practice to specific value systems. We suggest that the 

optimization of cover crops will require the practice to be recognized as a mediator of opportunities 

and tradeoffs.  
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Commodity-specific ES frameworks for cover cropping 

As indicated in Figure 3.4, we found that research coverage was not randomized in the 

reporting of ecosystem services and of commodities. The majority of commodities reported in our 

study were fruit or nut crops. Of the 44 cropping systems, 10 systems represented other types of 

yield, including alcohol production, coffee, tea, rubber, gum production, oil, sugar crops, palm 

heart, tannins and timber. In apple systems, the effects of cover cropping on nutrient cycling 

received more research coverage than its effects on water dynamics (n = 28, n = 18 studies 

respectively), whereas water dynamics outcomes were at the forefront of research conducted in 

olive systems. In olive systems, only one article (n = 1) measured weed suppression, whereas this 

was more frequently measured in apple systems. This may be indicative of greater water scarcity 

concerns in olive systems and perceivably less competition from weed species. Stimulant crops 

are predicted to be vulnerable to pollination losses (Gallai et al., 2009). However, throughout the 

literature, pollination services were only reported in five cropping systems (apple, mango, citrus, 

blueberry and almond), none of which were stimulant crops. Regarding stimulant crops, studies 

on tea exclusively explored services related to biological management (i.e., beneficial insect 

conservation and pest suppression) (Figure 3.4). In comparison, studies on cacao and coffee 

production were focused on nutrient management (i.e., soil C, N mineralization), as well as weed 

suppression services (Figure 3.4). 

The different ES frameworks of assessment in the scientific literature indicate two principle 

uses of cover crops within perennial agriculture—biological management and nutrient 

management. We defined biological management ES frameworks as those including one or more 

of the following services—pest suppression, beneficial insect conservation, weed suppression and 

pollination. We defined nutrient management ES frameworks as those including nutrient cycling, 
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N mineralization, soil carbon, water dynamics, soil structure, soil retention, AMF colonization, 

NO3- leaching and/or GHG regulation. Substantially more studies addressed the use of cover crops 

for nutrient management (n = 171 articles) than for biological management (n = 118). We suggest 

that the non-randomization of observations and differences in ES research coverage reveal shared 

scientific interests and valuation systems. Our analysis suggests different priorities and challenges 

faced by specific commodity groups. This contextualization of knowledge reveals the malleable 

uses and functions of cover crops among commodity groups and generates opportunities for crop-

specific optimization. 

It is important to note that our study suggests a considerable gap in research coverage 

among perennial crops. Apple systems represented 24% of articles (n = 69/285). Although this 

may be linked to our article selection procedure, the disproportionately low research coverage of 

other perennial crops is noteworthy. In our study, for nearly a third of the perennial systems, we 

found only one cover crop article. This may suggest opportunities to diversify cover crop research. 

The specialized use of cover crops for certain commodities may be a consequence of the narrower 

span of research identified for these systems. In our study, the five-most researched cropping 

systems (apple, vineyard, olive, citrus and peach) comprised 67% of all studies. Despite this 

greater research coverage, the distribution of research was not randomized among ES within these 

systems, revealing different ES valuation systems. In apple systems, in contrast to olive, vineyard, 

peach and citrus, there were studies of beneficial insect conservation services. In contrast, olive 

and vineyard systems prioritized water dynamics services. These patterns reflected relatively 

narrow research foci for different commodities. In 1993, Cochrane suggested that this 

specialization in agricultural research occurred in response to the specialization of farms for one 

or two crops and also the influence of commodity groups, advocating for crop-specific research 
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needs (Cochrane, 1993). Our data suggest that commodification may be apparent in cover crop ES 

frameworks. 

Cover crop seed designs 

Of 1446 trials, ~80% trials belonged to either the Fabaceae, Poaceae or Asteraceae plant 

families. Although most articles explored multiple cover crop mix designs, 43% of articles 

(123/285 articles) only reported one cover crop, half of which (63/123 cover crops) were single 

species. Of the 638 cover crops recorded throughout the literature, 73% were single species. It is 

important to note that although certain aromatic plant species (i.e., Mentha haplocalyx, Indigofera 

hendecaphylla) were exclusively used for biological management uses (i.e., promotion of 

beneficial insects), other species were relatively omnipresent within cover crop research and were 

used for a multitude of functions (i.e., weed suppression, pest suppression and carbon 

sequestration). These include Trifolium pratense, Trifolium repens, Trifolium incarnatum, Lolium 

multiflorum, Festuca arundinaceae, Festuca rubra, Secale cereale and Vicia villosa. Of all 

reported plant species (n=441 species), Trifolium repens (n=64 trials), Medicago sativa (n=44 

trials) and Lolium perenne (n=42 trials) were the most frequently used species for cover cropping. 

The top 10 cover crop species accounted for 25% of cover crop trials. We may question whether 

the use of a restricted subset of species may be due to limited seed options and their availability 

for cover cropping. As illustrated in Figure 3.5, the majority of cover crops tested in perennial 

agriculture were single species, in contradiction to concepts introduced by Tilman (1997). For 

certain cropping systems including cacao, hazelnut and juneberry, cover crop outcomes were 

solely tested on single species designs. Thereby, although we observed malleability in the uses and 

functions assessed for cover crops, this contextualization was not reflected in the design of cover 

crop seed mixes (i.e., the number of species and species identifications). Our analysis highlights 
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important opportunities for cover crop optimization, to enhance the response of cover crops to 

system-based needs. 

Climate change considerations  

It is important to note the gaps in the research distribution among commodity crops—21% 

of nutrient cycling and 23% of soil C assessments for cover cropping were conducted in apple 

systems. Considering the wide variety of agronomic operations employed in perennial systems, 

particularly with regards to pruning, gaps in data about cover crops in many commodities may 

pose challenges in climate change mitigation. Compared to annual systems, residues in perennial 

systems may differ in their lignocellulosic content due their longer life cycle and different climates. 

Lignin and cellulose compounds play an important role in carbon cycling and contribute to 

recalcitrant soil carbon pools (Frei, 2013). These compounds vary in their use of bacterial and 

fungal mediated pathways of decomposition (Wilhelm et al., 2019). We could expect different 

mechanisms of C sequestration within perennial systems. Of 44 total perennial crops reported in 

the literature, 17 crops, including walnut, plum and hazelnut, had no coverage of soil C in their 

cover crop assessments. In many of these systems, cover crops were not valued as a soil-building 

strategy but rather as a biological management practice. Tea and blueberry systems used aromatic 

cover crops exclusively for pest suppression, as well as beneficial insect conservation, whereas for 

sweetgum, sugarcane, plum, pineapple, oil palm, juneberry and hazelnut, the weed suppression 

outcomes of cover cropping were primarily valued. The diversity of cover crop uses reflects a 

variety of values pertaining to different systems. 

The presence of gaps in countries and bio-zones in which cover crop research has been 

conducted is a particularly important issue in the context of global climate change adaptation 

efforts. Crops of high importance to smallholder farmers, particularly tropical staples and 
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perennials, were either not studied (argan, shea, marula, etc.) or received little coverage within the 

cover crop literature. The least-studied cropping systems were primarily tropical tree crops (i.e., 

guava, mango, pineapple and sweetsop). Bananas, sugarcane and coffee, despite their economic 

importance, received limited research coverage—these systems are important export crops in a 

number of countries (Thrupp, 1988). Smallholder farmers face distinctive climate stressors. 

Projections suggest that they have particularly high vulnerability to climate change (Cohn et al., 

2017). Their adaptive capacity is particularly tied to regional socio-economic development (Cohn 

et al., 2017). Exploring the role of cover cropping across different socio-economic realities is key 

for our understanding of its use within different cap-and-trade regulations, carbon credit markets 

and other GHG mitigation initiatives. Therefore, although cover cropping is well-established as a 

climate-smart strategy, there remain important opportunities to adapt the practice to the wide 

diversity of perennial systems (McNunn et al., 2020). 

Our results suggest gaps in the research coverage of services, relating to GHG regulation 

and climate change, within the comprehensive scientific literature. These missing links are 

important, as they may be the cause of blind spots in the form of unexplored synergies, tradeoffs 

and/or feedbacks for climate change mitigation. For instance, the effects of cover crops on the 

colonization of roots by mycorrhizal fungi may also reduce N2O emissions (Bender et al., 2013), 

thereby reducing the environmental footprint of production systems. However, higher yields 

potentially enhanced by cover cropping may generate increased GHG emissions, creating a 

tradeoff between productivity and conservation. Overall, we observe that GHG regulation was the 

least reported ES (n=1 article, in vineyard systems). Another gap is that commercial yields were 

not reported in 14 commodity crops including walnut, prune, pecan, coffee and avocado systems 

whereas other ES, such as soil C services were reported. Without yield measurements, the tradeoffs 
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of supporting other services could not be assessed. Overall, ecosystem disservices were largely 

underrepresented in the literature and only reported in 7/285 articles or 2% of articles (Appendix 

B – Supplementary Information 2.4 – Olthof, 1986; Malik et al., 2001; Granatstein et al., 2008; 

Valdes-Gomez, 2011; Licznar-Malanczuk et al., 2015; Klodd et al., 2016; Whaley et al., 2019). 

Provisioning services of economic profitability and knowledge diffusion were also rarely reported 

in the literature (12/285 and 1/285 articles, respectively). Without comprehensive ecosystem 

service assessments, it becomes difficult to make widely applicable recommendations relevant to 

cover crop management, as tradeoffs cannot be taken fully into account. While certain ES 

frameworks focused on yield gains, other systems of assessment assume that ecosystem services 

are inherently valuable, regardless of immediate profitability. Recognizing differentials in the 

valuation of ecosystem services within the scientific literature is especially important, in the 

context of climate change. Indeed, instigating effective climate change action will require creating 

a shared vision, across differential value systems.  

 

Limitations and Future Research 

The identification of articles may have been limited by the selection of keywords. Our 

process only used the keywords “cover crop” and “floor management” to refer to the practice. It 

is possible that our selection may have missed works, which used the terms “soil management”, 

“soil health practices”, “catch crop”, “vegetative refuge” or the plurals of these terms, in reference 

to the same practice. Requests on certain search engines may be more restrictive. For example, the 

keywords “cover crop”, “cover-crop”, “cover crops” may have generated different reference lists 

than for the keyword “cover cropping”. Therefore, our selection procedure may have affected the 

results, depending on the representativeness of our subset of articles relative to the whole body of 
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literature. Another potential limitation is that we did not consider the distinctions between 

ecosystem services and functions, nor did we discuss the association between plant functional traits 

and services in the design of cover crop mixtures (De Bello et al., 2010; Tancoigne et al., 2014; 

Blesh, 2017). This may have affected our results. Our database presented a regional data gap, as 

there were no studies conducted in Russia. The prior literature indicates that considerable work 

was conducted by researchers from the Soviet Union on the role of cover crops in supporting 

biological control in orchards (Telenga, 1958; Chumakova, 1960). Overall, most of the articles 

contained in our study were written in English, with some works written in Portuguese, Chinese 

or French. Therefore, we acknowledge that our data repository may not fully represent the breadth 

of cover crop work, available internationally. 

Conclusion 

Cover cropping, as a practice is unique in its plasticity and capacity to adapt to evolving 

societal goals. Our meta-analysis of ES frameworks for perennial agriculture revealed the 

malleable nature of cover crop use, as illustrated in the scientific literature. Beyond its use for soil 

improvements, cover crop research has considered a variety of intended functions, reflecting 

specific ES priorities apparent across commodity types: biological management, weed suppression 

and resource conservation, etc. The differences in ES frameworks of assessment suggest 

contrasting interpretations of sustainability within cover crop research. Only 44% of ES 

frameworks reported yield measurements. Therefore, although the practice has been touted for its 

multi-functional benefits, we emphasize the need to address differing sustainability goals and value 

systems in cover crop implementation. Our analysis of scientific ES frameworks revealed distinct 

knowledge pathways and confounding rationales for cover cropping in perennial systems. 

Promising avenues remain for cover crop optimization, both in research design and in mix species 
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selection. In terms of research design, scientific knowledge pathways reveal the delimitation of 

commodity-specific ES priorities and indicate interest in specialized cover crop assessments. In 

turn, the specialized assessment of cover crop outcomes can inform the design of cover crop mix 

species. This highlights multiple potential avenues for concerted research efforts and for effective, 

trans-disciplinary collaboration in cover crop design optimization in order to account for diverse 

value systems.  
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Figure 3.1. Study review and selection flow chart. Peer-reviewed studies were collected following 
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) process, 
adapted by Moher et al. (2009). 

 
 
 
 
 
 
 

     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Additional records identified 
through other sources: 

 
• BioOne  
• PLOS  
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• ScienceDirect 
• Oxford Journals 
• SpringerLink  
• Taylor and Francis Journals 
• Wiley Online 
• WorldCat 

 
Total = 210 results  

 

Records after duplicates removed 
(removed, n = 76) 

Full-text articles assessed for eligibility 
 

 Criteria included: catch crops, green manure & sod, field research, orchard and plantation 
research. 

 
Criteria excluded: reviews, model-based research, hedge rows, nursery studies, pre-plant 

studies, pre-mature orchard studies. 

Studies included in quantitative synthesis 
(n = 285) 
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Figure 3.2. a. Geographical distribution of cover crop field research conducted in perennial agro-
ecosystems, indicated by the number of published peer-reviewed articles per country. b. due to the 
high research coverage in the United States, the research distribution is presented by state. 

 

 
 
 
 
 
 
 
 

a. Cover crop field research distribution by country, for perennial systems 

b. Cover crop field research distribution by state, for perennial systems, in the U.S.
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Figure 3.3. Distribution of cover crop research, by perennial system, distinguished by country. 
Due to the high quantity of research conducted in the USA, research is presented by state for that 
country. It is important to note that due to our definition of cover cropping, which included only 
seeded or covers with identified plant species, many published cover crop studies were excluded 
from our analysis. Our keyword selection may also have missed other relevant studies. 
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Figure 3.4. Research coverage of ecosystem services distinct to perennial cropping system in the 
comprehensive cover crop literature. 
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Figure 3.5. Design of cover crop seed mixes. Cover crop designs are indicated by the number of 
species assembled in each cover crop. The number of cover crops tested per design is indicated by 
the cell’s coloration and annotation. Commodities are listed in order of research coverage.  
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Appendix A. Supplementary Information to Chapter 1 
 

Supplementary Information 1.1. Copy of the distributed survey questions 

 

 

 

3/24/20, 7:27 PMQualtrics Survey Software

Page 1 of 15https://ucdavis.co1.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSu…tSurveyID=SV_3UepPhXFE82QvS5&ContextLibraryID=UR_1LWBWyvu9x7zUdn

California-wide Almond Survey

English

Introduction

Welcome! 
 
This survey is part of a UC Davis research project in collaboration with the University of California
Cooperative Extension (UCCE) and the Almond Board of California (ABC). The objectives are to
obtain baseline data on cover-crop use in almond orchards and to identify the most important
benefits and concerns of growers about this practice. Data will be used to guide research and
extension activities. This survey is anonymous and voluntary. There is no incentive nor
compensation for taking this survey.
 
Who can take this survey?
1. Almond growers with 1 or more acres of almond trees.
2. Both users and non-users of cover crops.
 
Time needed: 5-10 minutes
 
Will my information remain confidential?
Yes. To ensure this, please do not include personal information (names, addresses...) in the
comments sections. 

Do I have to answer all questions?
No. However, surveys with more than 10% incomplete responses will not be used in our study.
 
Completion and submission of the survey indicates your consent to participate in this project.

For further information or if you have questions or concerns, please contact the project director: 
Amélie Gaudin, Ph.D.

3/24/20, 7:27 PMQualtrics Survey Software

Page 2 of 15https://ucdavis.co1.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSu…tSurveyID=SV_3UepPhXFE82QvS5&ContextLibraryID=UR_1LWBWyvu9x7zUdn

University of California, Davis
agaudin@ucdavis.edu

Participant Criteria

Who can take this survey?

Are you an almond grower?

Do you have 1 or more acres of almond trees? 

PART I: Cover cropping opportunities

PART I: Cover cropping opportunities

How knowledgeable are you of cover cropping in almond orchards?

Have you previously considered using cover crops in your orchard?

Yes No

Yes No

Very knowledgeable

Somewhat knowledgeable

Not knowledgeable at all

Yes No

Supplementary Information 1. 
Copy of distributed survey questions

(Crézé, 2020)
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*NOW refers to the navel orangeworm (Amyelois transitella). 

 

 
 
 

Participant Criteria

Who can take this survey?

Are you an almond grower?

Do you have 1 or more acres of almond trees? 

PART I: Cover cropping opportunities

PART I: Cover cropping opportunities

How knowledgeable are you of cover cropping in almond orchards?

Have you previously considered using cover crops in your orchard?

In your opinion, which of the following are most improved by cover cropping?

Yes No

Yes No

Very knowledgeable

Somewhat knowledgeable

Not knowledgeable at all

Yes No

   
Not improved

Somewhat
improved Most improved

Soil structure & field access   

How important are the following challenges in your orchard?

In your opinion, are possible cover crop benefits mostly:

Soil health   

Tree nutrition   

Pollinator habitat   

Weed control   

Water infiltration & retention   

Aboveground pest control (NOW)   

Belowground pest control   

   
Not important Somewhat important Very important

Soil compaction/Poor water
infiltration   

Erosion/Dust   

Poor water retention   

Low soil health   

Nitrogen losses   

Soil salinity   

Weak pollination   

Nematode infestation   

Navel orangeworm (NOW)
infestation   

Agronomic: organic matter, reduces dust ...

Operational: earlier field access ...

Economic: reduces input expenses, positive economic returns...
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PART II: Cover cropping concerns

PART II: Cover cropping concerns

How economically stable do you consider your almond enterprise to be?

Are your concerns with cover crops mostly:

How would you rank the following agronomic concerns with cover cropping?

How would you rank the following operational concerns with cover cropping?  

Not stable

Somewhat stable

Very stable

Agronomic

Operational

Economic

Insu!cient information available on cover cropping

   
Not important

Somewhat
important Very important

Frost complications   

Di!cult pest management   

Di!cult weed management   

Impediment to orchard sanitation   

Other:   

   
Not important

Somewhat
important Very important

Complicated transition towards cover



 114 

 

 

 

PART II: Cover cropping concerns

PART II: Cover cropping concerns

How economically stable do you consider your almond enterprise to be?

Are your concerns with cover crops mostly:

How would you rank the following agronomic concerns with cover cropping?

How would you rank the following operational concerns with cover cropping?  

Not stable

Somewhat stable

Very stable

Agronomic

Operational

Economic

Insu!cient information available on cover cropping

   
Not important

Somewhat
important Very important

Frost complications   

Di!cult pest management   

Di!cult weed management   

Impediment to orchard sanitation   

Other:   

   
Not important

Somewhat
important Very important

Complicated transition towards cover

How would you rank the following economic concerns with cover cropping?

PART III: Farming operations

PART III: Farming operations

How many total acres of non-bearing almond orchards do you have? 

How many total acres of bearing almond orchards do you have?

cropping   

Seeding equipment availability   

Di!cult establishment   

Di!cult management of stand   

Di!cult termination   

Di!cult almond harvest (debris)   

   
Not important

Somewhat
important Very important

High transition costs   

Higher equipment expenses   

Increase of labor expenses and time   

Cost of learning new practice   

Cost of water   

Uncertainty of economic outcome   
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In what zip code are your almond orchards located?

How much N-fertilizer do you apply to mature orchards (in lbs/acre)?

What is the main irrigation system used in your orchard?

Do you use organic amendments (i.e. compost...)?

Of your almond acreage, what percentages are in the following categories?

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Furrow

Flood

Micro-sprinkler

Sprinkler

Single drip

Double drip

Yes No

Conventional, %:

USDA Certified Organic, %:
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In what zip code are your almond orchards located?

How much N-fertilizer do you apply to mature orchards (in lbs/acre)?

What is the main irrigation system used in your orchard?

Do you use organic amendments (i.e. compost...)?

Of your almond acreage, what percentages are in the following categories?

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Zip code, number of acres:

Furrow

Flood

Micro-sprinkler

Sprinkler

Single drip

Double drip

Yes No

Conventional, %:

USDA Certified Organic, %:

PART IV: Orchard soil management

PART IV: Orchard soil management

In your non-bearing almond orchards, what are your floor management practices?

In your bearing almond orchards, what are your floor management practices?

Which practices do you use to control resident vegetation & weeds?

Transitioning into USDA Organic, %:

Other:

Bare orchard floor

Winter cover crop (October-February)

In-season cover crop (March-September)

Year-round cover crop

Resident vegetation

Bare orchard floor

Winter cover crop (October-February)

In-season cover crop (March-September)

Year-round cover crop

Resident vegetation

Herbicide application only on berms

Herbicide application on berms and alleyway

Cultivation

Mowing

Cover crop establishment to outcompete weeds

Other:

PART IV: Orchard soil management

PART IV: Orchard soil management

In your non-bearing almond orchards, what are your floor management practices?

In your bearing almond orchards, what are your floor management practices?

Which practices do you use to control resident vegetation & weeds?

Transitioning into USDA Organic, %:

Other:

Bare orchard floor

Winter cover crop (October-February)

In-season cover crop (March-September)

Year-round cover crop

Resident vegetation

Bare orchard floor

Winter cover crop (October-February)

In-season cover crop (March-September)

Year-round cover crop

Resident vegetation

Herbicide application only on berms

Herbicide application on berms and alleyway

Cultivation

Mowing

Cover crop establishment to outcompete weeds

Other:
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Do you use cover crops in your almond orchards? 

The term cover-crop here refers to a seeded vegetative cover, including either annual or perennial
plant species.

Cover Cropping Experience

PART IV Section for cover crop users

Do you seed the cover crop annually?

Do you rotate the plant species?

Do you alternate cover crop mixes in every other alleyway of the orchard?

Do you design your own mix or do you use a pre-packaged mix?

How many plant species are included in your mix?

Yes No

Yes

No. If so, please specify the seeding time interval:

Yes No

Yes No

Own Packaged
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Which of the following are included in the mix?

What is the width of your cover crop stand in an orchard alleyway?

What were the costs per acre of establishing the cover crop (including seed costs)?

Did you reduce your N-fertilizer application with cover cropping?

When do you usually seed your cover crop? Please indicate which month.

Why have you chosen to seed at that time? (Choose all that apply)

Legume

Grass

Brassica/mustard

Buckwheat

Less or equal to 6 feet

6-15 feet

15-20 feet

Fully cover-cropped/No bare berms

Yes. If so, by how much (in lbs. N/acre)?

No

Harvest operations were done.

Floor preparation was done.

Seeding must occur before winter rains start.

To provide early bee forage in the orchard.
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Which of the following are included in the mix?

What is the width of your cover crop stand in an orchard alleyway?

What were the costs per acre of establishing the cover crop (including seed costs)?

Did you reduce your N-fertilizer application with cover cropping?

When do you usually seed your cover crop? Please indicate which month.

Why have you chosen to seed at that time? (Choose all that apply)

Legume

Grass

Brassica/mustard

Buckwheat

Less or equal to 6 feet

6-15 feet

15-20 feet

Fully cover-cropped/No bare berms

Yes. If so, by how much (in lbs. N/acre)?

No

Harvest operations were done.

Floor preparation was done.

Seeding must occur before winter rains start.

To provide early bee forage in the orchard.

Do you conduct sanitation after cover crop seeding? 

How do you manage mummies and residues?

Do you prune the orchard after cover crop seeding?

Do you irrigate the cover crop?

Do you use compost with cover cropping?

Do you mow the cover crop?

If you mow, when do you start mowing the cover crop?

Other:

Yes

No

Intact mummies are left to decompose in the cover crop.

Mummies are crushed/flail mowed in the cover crop alleyways.

Yes No

Yes No

Yes No

Yes No

After cover crop seeding, at regular time intervals.

Before tree pollination.
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Do you conduct sanitation after cover crop seeding? 

How do you manage mummies and residues?

Do you prune the orchard after cover crop seeding?

Do you irrigate the cover crop?

Do you use compost with cover cropping?

Do you mow the cover crop?

If you mow, when do you start mowing the cover crop?

Other:

Yes

No

Intact mummies are left to decompose in the cover crop.

Mummies are crushed/flail mowed in the cover crop alleyways.

Yes No

Yes No

Yes No

Yes No

After cover crop seeding, at regular time intervals.

Before tree pollination.

If you mow, approximately how many times per year?

Do you terminate the cover crop?

Please indicate the month in which you usually terminate the cover crop.

Why did you terminate the cover crop at that time?

How do you terminate your cover crop?

After tree pollination.

At frost.

As soon as soil dries up in the spring.

After the cover crop goes to seed.

Before the aboveground biomass reaches an unmanageable level.

Other:

Yes No

Before spring frost, to avoid frost damage.

Prior to almond tree bloom.

Prior to leaf formation in the spring.

To avoid complications at harvest.

To avoid competition with water.

I do not terminate: the cover crop dies naturally due to lack of water.

I do not terminate the cover crop: I let it reseed itself.

Other:

Chemically
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If you mow, approximately how many times per year?

Do you terminate the cover crop?

Please indicate the month in which you usually terminate the cover crop.

Why did you terminate the cover crop at that time?

How do you terminate your cover crop?

After tree pollination.

At frost.

As soon as soil dries up in the spring.

After the cover crop goes to seed.

Before the aboveground biomass reaches an unmanageable level.

Other:

Yes No

Before spring frost, to avoid frost damage.

Prior to almond tree bloom.

Prior to leaf formation in the spring.

To avoid complications at harvest.

To avoid competition with water.

I do not terminate: the cover crop dies naturally due to lack of water.

I do not terminate the cover crop: I let it reseed itself.

Other:

Chemically

How do you manage the cover crop residue?

Did cover crops meet your expectations (both in benefits and encountered challenges)?

Did you notice an increase in almond yields with cover cropping? 

Did any barriers lead you to discontinue using cover crops?

PART V: Knowledge gaps

PART V: Knowledge gaps

Please rank the following from your most to least important source of information (Click and

Mowed

Disked

Terminates naturally

Other:

Incorporated in the soil

Left on top of the soil

Removed from site

Other:

Yes

No. If so, please explain:

Yes No

Yes. If so, please explain the main reason for discontinuing the practice:

No
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*PCA/CCA refer to pest control advisers and certified crop advisers of California. 
 

 

 
 

How do you manage the cover crop residue?

Did cover crops meet your expectations (both in benefits and encountered challenges)?

Did you notice an increase in almond yields with cover cropping? 

Did any barriers lead you to discontinue using cover crops?

PART V: Knowledge gaps

PART V: Knowledge gaps

Please rank the following from your most to least important source of information (Click and

Mowed

Disked

Terminates naturally

Other:

Incorporated in the soil

Left on top of the soil

Removed from site

Other:

Yes

No. If so, please explain:

Yes No

Yes. If so, please explain the main reason for discontinuing the practice:

No

Drag).

In your opinion, where are the most important knowledge gaps about cover cropping, in each
category?

Benefits of cover cropping:

Tradeo"s of cover cropping:

Farm advisor/Cooperative extension specialists

PCA/CCA

Research collaboration

Other growers

Agricultural publications

Extension bulletins

Books

Websites

Almond Board of California Newsletters

Workshops/Field Days/Conferences

Other: 

Tree nutrition

Pollinator habitat

Weed control

Water retention

Soil health

N fixation

Pest control

Water use
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Drag).

In your opinion, where are the most important knowledge gaps about cover cropping, in each
category?

Benefits of cover cropping:

Tradeo"s of cover cropping:

Farm advisor/Cooperative extension specialists

PCA/CCA

Research collaboration

Other growers

Agricultural publications

Extension bulletins

Books

Websites

Almond Board of California Newsletters

Workshops/Field Days/Conferences

Other: 

Tree nutrition

Pollinator habitat

Weed control

Water retention

Soil health

N fixation

Pest control

Water use

Powered by Qualtrics

Operations relating to cover cropping:

Economics relating to cover cropping:

Please leave any additional comments here:

Frost complications

N immobilization

Orchard sanitation

Pest buildup

Seed selection & traits

Seeding date

Stand maintenance

Termination date

Termination operations

Cost to establish

Economic risks

Economic returns
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Supplementary Information 1.2. Current cover crop management practices (n=42) 
 

 

Reported Costs

Supplementary Information 3. 
Current cover crop management practices (n=42)

(Crézé, 2020)

Cover crop seeding

Full questionnaire is available in Supplementary information 1. 

If so, by how much?

Comment from grower: “This depends 
on the field and the water quality.”

Cover crop establishment costs 
(including seed costs):

Range: $0 to $350/acre

Average cost: $52.81/acre

Seeding time

82% of growers in this 
survey re-seed the cover crop 
annually. 

Species selection & Biodiversity

21% of growers design 
their own mix, whilst 79% use 
pre-packaged mixes

40% rotate plant species 
within the cover crop mix.

30% use different cover 
crop mixes within 1 orchard.

N
um

be
r o

f r
es

po
nd

en
ts
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Cover crop stand management

Other orchard operations during cover crop establishment

Mowing and Maintaining the stand

Comments from growers: 
When do you mow the cover?

Ø “Prior to [the cover crop] going to 
seed.”

Ø “When the grass gets ahead of the 
sheep.”

Ø “This depends on the field”.

(Crézé, 2020)

100% of 
growers mow 
the cover crop.

38% leave intact mummies 
in the cover crop to 
decompose.

62% crush or flail-mow the 
mummies in the cover crop.

Do you compost with cover 
cropping?

Do you irrigate the cover crop? Do you prune the orchard after 
cover crop seeding?

64% Yes 64% Yes39% Yes

Number of respondents
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Cover crop termination

Comments from grower: “[I terminate] to prevent 
loss of fixed nitrogen.”

Comments from growers: 
“[Let it] go to seed, mow and let it dry 
up.”
”[I use] a roller.”

Comments from grower: 
”Graze it.”

68% of growers 
terminated the 
cover crop.

(Crézé, 2020)
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Cover crop results & Feedback from growers

Comments from growers: 
”Previously used legume mix and experienced a blowup 
of the pocket gopher population.”

“Sometimes we have to take a year off of cover 
cropping to do floor maintenance (float) for harvest 
purposes.”

“Water.”

”Water.”

“Cumbersome.”

“Main barrier was low germination rate but we will give it 
another try.”

Comments from growers: 
”Not enough growth. [Does not] bloom in time for 
bees.”

”Poor germination due to lack of water.”

“Does not establish well, lack of water.” 

“Planting challenges with winter rains used as only 
irrigation source.”

“Although we know of well documented benefits of 
cover crops, what really discouraged us from 
continuing trying to implement a cover crop (despite its 
increased potential factor in frost, increased labor, and 
an increased water demand) was the cover crops low 
germination rate. Not sure if we just got a bad seed 
mix or why there was such low germination rate. 
Suggestion: I would really like to see a more detailed 
study on cover crops and the effect of ground cover in 
the orchard. For example does planting a cover crop 6 
feet wide in the row center actually benefit your trees 
in your orchard? Or does the cover crop need to be 
right under the tree canopy to even have any 
beneficial effect in the orchard?”

(Crézé, 2020)

16% of growers 
discontinued using cover 
crops because of 
barriers.

36% of growers say 
that they noticed an 
increase in almond 
yields with cover 
cropping.

84% of growers say 
that cover crops met 
their expectations.
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Supplementary Information 1.3. Current cover crop information sources and knowledge gaps 
(n=82). *PCA/CCA refer to pest control advisers and certified crop advisers of California. 
 

 
 
 
 

Supplementary Information 4. 
Current cover crop information sources and knowledge gaps (n=82)

(Crézé, 2020)

Full questionnaire is available in Supplementary information 1. 

Comments from growers: 
”NRCS”
“Seed industry experts”

“Project APIS M”

“Project APIS representative”
“Private advisor/consultant”

“Education in pomology”

“My experience”

“Several generations of farming; Rodale Press for developing 
equipment, and the EFA (Ecological Farming Association) 
conference, which inspired us to grow weeds.”

(Crézé, 2020)

Average ranking

Growers’ average ranking of most (score 1) to least (score 11)
important information sources
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Most important knowledge gaps by region

Benefits of cover cropping

(Crézé, 2020)

Tradeoffs of cover cropping
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Appendix B. Supplementary Information for Chapter 2 and 3  
 
Supplementary Information 2.1. Publication trends of cover crop research conducted in 
perennial systems. Trends are indicated by the number of studies published per year, from 1960 to 
May 2020. a. Comprehensive publication trends. b. Publication trends for nutrient management 
frameworks. c. Publication trends for biological management frameworks. Publication trends 
demonstrate that nutrient and biological management frameworks of cover crop research co-
evolved from the 1960s to today, with a noticeable increase in publication around 2000. Yearly 
publication trends indicate a stronger research coverage of nutrient management frameworks over 
time, as compared to biological management frameworks. 

 
            *The earliest cover crop scientific article found in nutrient management corresponds to: 
Miller, D.E., Bunger, W.C., Proebsting, E.L. 1963. Agronomy Journal, 188-191. 
 

 

 

 

 

 

 

 

 

a. Comprehensive publication trends b. Nutrient management publication trends

c. Biological management publication trends
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Supplementary Information 2.2. Classification of ecosystem services, observed in cover crop 
research. Our definition of ecosystem services and their classification were based on the 
Millennium Ecosystem Assessment (2005) and on the framework described by Schipanski et al. 
(2014). Regulating services were those gained from the regulation of ecosystem processes. 
Supporting services were those required for the production of other services. Provisioning services 
referred to products, beneficial to human societies, provided by ecosystems. Comprehensively, 
scientific research observed ten regulating ecosystem services, seven supporting services and three 
provisioning services, associated with cover cropping in perennial systems. 

Ecosystem services and Millennium Assessment categories 

Regulating services Supporting services Provisioning services 

Beneficial insect conservation AMF colonization Crop yield 

Biodiversity Biomass production Economic profitability 

GHG regulation N mineralization Knowledge diffusion 

NO3
- leaching Nutrient cycling  

Pest suppression Soil carbon  

Pollination Soil structure  

Soil retention Water dynamics  

Water dynamics   

Weed suppression   

Wildlife habitat   
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Supplementary Information 2.3. Unexplored co-occurring pairwise ecosystem services within 
cover crop literature. Field studies were conducted in perennial systems. Of 153 potential pairwise 
associations between the 18 ES reported in the comprehensive literature, not including knowledge 
diffusion services, nearly a third of ES-interactions (47/153) remain unexplored.  
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Supplementary Information 2.4. List of studies included in the meta-analysis (n=285). Records 
were extracted on 05/05/2020.  
 
Abraham, J. and Joseph, P. 2016. A new weed management approach to improve soil health in a 
tropical plantation crop, rubber (Hevea brasiliensis). Expl. Agric. 52:36-50. 
 
Aengelo Rodrigues, M., Dimande, P., Pereira, E.L., Ferreira, I.Q., Freitas, S., Correia, C.M., 
Moutinho-Pereira, J. and Arrobas, M. 2015. Early-maturing annual legumes: an option for cover 
cropping in rainfed olive orchards. Nutrient Cycling in Agroecosystems 103:153-166. 
 
Aguilar-Fenollosa, E., Ibanez-Gual, M. V., Pascual-Ruiz, S., Hurtado, M. and Jacas, J. A. 2011. 
Effect of ground-cover management on spider mites and their phytoseiid natural enemies in 
clementine mandarin orchards (I): Bottom-up regulation mechanisms. Biological Control 
59:158-170. 
 
Aguilar-Fenollosa, E. and Jacas, J.A. 2013. Effect of ground cover management on Thysanoptera 
(thrips) in clementine mandarin orchards. Journal of Pest Science 68:469-481. 
 
Aguilar-Fenollosa, E., Pascual-Ruiz, S., Hurtado, M. A. and Jacas, J.A. 2011. Efficacy and 
economics of ground cover management as a conservation biological control strategy against 
Tetranychus urticae in clementine mandarin orchards. Crop Protection 30:1328-1333.  
 
Almagro, M., De Vente, J., Boix-Fayos, C., Garcia-Franco, N., Melgares de Aguilar, J., 
Gonzalez, D., Sole-Benet, A. and Martinez-Mena, M. 2013. Sustainable land management 
practices as providers of several ecosystem services under rainfed Mediterranean 
agroecosystems. Mitig. Adapt. Strateg. Glob. Change. https://www.doi.org/10.1007/s11027-013-
9535-2 
 
Alston, D.G. 1994. Effect of apple orchard floor vegetation on density and dispersal of 
phytophagous and predaceous mites in Utah. Agriculture, Ecosystems and Environment 50:73-
84. 
 
Altieri, M.A. and Schmidt, L.L. 1986. Cover crops affect insect and spider populations in apple 
orchards. Calif. Agric. 40:15-17. 
 
Altieri, M.A. and Schmidt, L.L. 1985. Cover crop manipulation in Northern California orchards 
and vineyard – Effects on Arthropod communities. Biological Agriculture and Horticulture 3:1-
24. 
 
Anderson, J.J., Bingham G.E. and Hill, R.W. 1992. Effects of permanent cover crop competition 
on sour cherry tree evapotranspiration, growth and productivity. Acta Hort 313:135–142. 
 
Angelo Rodrigues, M., Correia, C.M., Claro, A.M., Ferreira, I. Q., Barbosa, J. C., Moutinho-
Pereira, J.M., Bacelar, E. A., Fernandes-Silva, A.A. and Arrobas, M. 2013. Soil nitrogen 
availability in olive orchards after mulching legume cover crop residues. Scientia Horticulturae 
158:45-51. 
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Atucha, A., Merwin, I.A. and Brown, M.G. 2011. Long-term Effects of Four Groundcover 
Management Systems in an Apple Orchard. HortScience 46:1176-1183.  
 
Atucha, A., Merwin, I.A., Brown, M.G., Gardiazabal, F., Mena, F., Adriazola, C., Goebel, M. 
and Bauerle, T. 2013. Root distribution and demography in an avocado (Persea americana) 
orchard under groundcover management systems. Functional Plant Biology 40:507-515. 
 
Atucha, A., Merwin, I.A., Purohit, C.K. and Brown, M.G. 2011. Nitrogen Dynamics and 
Nutrient Budgets in Four Orchard Groundcover Management Systems. HortScience 46:1184-
1193. 
 
Balota, E.L. and Auler, P.A.M. 2011. Soil microbial biomass under different management and 
tillage systems of permanent intercropped cover species in an orange orchard. R. Bras. Ci. Solo 
35: 1873–1883. 
 
Balota, E.L. and Martins Auler, P.A.  2011. Soil carbon and nitrogen mineralization under 
different tillage systems and permanent groundcover cultivation between orange trees. Rev. Bras. 
Fructic. 33:637-648. https://www.doi.org/10.1590/S0100-29452011005000071 
 
Basinger, N.T., Jennings, K.M., Monks, D.W., Mitchem, W.E., Perkins-Veazie, P.M. and 
Chaudhari, S. 2017. In-row Vegetation-free Strip Width Effect on Established ‘Navaho’ 
Blackberry. Weed Technol. 32:85-89. 
 
Baumgartner, K., Fujiyoshi, P., Smith, R. and Bettiga, L. 2010. Weed flora and dormant-season 
cover crops have no effects on arbuscular mycorrhizae of grapevine. Weed Research 50:456-466. 
 
Baumgartner, K., Steenwerth, K.L. and Veilleux, L. 2007. Effects of organic and conventional 
practices on weed control in a perennial cropping system. Weed Science 55:352-358. 
 
Baumgartner, K., Steenwerth, K.L. and Veilleux, L. 2008. Cover-crop systems affect weed 
communities in a California vineyard. Weed Science 56:596-605. 
 
Beizhou, S., Jie, Z., Jinghui, G., Hongying, W., Yun, K. and Yuncong, Y. 2011. Effects of 
intercropping with aromatic plants on the diversity and structure of an arthropod community in a 
pear orchard. Pest Manag. Sci. 67:1107-1114. 
 
Belding, R.D., Majek, B.A., Lokaj, G.R.W., Hammerstedt, J. and Ayeni, A.O. 2003. Orchard 
floor preparation did not affect early peach tree performance on aura sandy loam soil. 
HortTechnology 13:321-324. 
 
Blaauw, B.R. and Isaacs, R. 2014. Flower plantings increase wild bee abundance and the 
pollination services provided to a pollination‐dependent crop. Journal of Applied Ecology 
51:890–898. 
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Bowen, P. and Freyman, S. 1995. Ground covers affect raspberry yield, photosynthesis, and 
Nitrogen nutrition of primocanes. HortScience 30:238-241. 
 
Bradshaw, L. and Lanini, W.T. 1995. Use of perennial cover crops to suppress weeds in 
Nicaraguan coffee orchards. International Journal of Pest Management 41:185-194. 

Bremer Neto, H., Victoria Filho, R., Alves Mourao Filho, F.A., de Menezes, G.M. and Canali, E. 
2008. Nutritional status and production of 'Pera' sweet orange related to cover crops and mulch. 
Pesq. agropec. Bras. 43:29-35. 

Broughton, W.J. 1977. The effect of various covers on soil fertility under Hevea brasiliensis 
Muell. Arg. and on growth of the tree. Agro-Ecosystems 3:147–170. 
 
Brunetto, G., Ceretta, C.A., Bastos de Melo, G.W., Kaminski, J., Trentin, G., Girotto, E., Avelar 
Ferreira, P.A., Miotto, A. and Ocheuze Trivelin, P.C.  2014. Contribution of nitrogen from 
agricultural residues of rye to 'Niagara Rosada' grape nutrition. Scientia Horticulturae 169:66-70. 
 
Bugg, R.L., Dutcher, J.D. and McNeill, P.J. 1991. Cool-season cover crops in the pecan orchard 
understory: effects on Cocconellidae (Coleoptera) and pecan aphids (Homoptera: Aphididae). 
Biol. Control. 1:8-15. 
 
Bugg, R.L. and Dutcher, J.D. 1989. Warm-season cover crops for pecan orchards: horticultural 
and entomological implications. Biol. Agric. Hortic. 6:123-148. 

Bugg, R.L. and Dutcher, J.D. 1993. Sesbania exaltata (Rafinesque-Schmaltz) Cory (Fabaceae) as 
a Warm-Season Cover Crop in Pecan Orchards: Effects on Aphidophagous Coccinellidae and 
Pecan Aphids. Biological Agriculture and Horticulture 9:215-229. 
https://www.doi.org/10.1080/01448765.1993.9754637  

Bugg, R.L., McGourty, G., Sarrantonio, M., Lanini, W.T. and Bartolucci, R. 1996. Comparison 
of 32 cover crops in an organic vineyard on the north coast of California. Biological Agriculture 
and Horticulture 13:63-81. https://www.doi.org/10.1080/01448765.1996.9754766. 

Buyer, J.S., Baligar, V.C., He, Z. and Arevalo-Gardini, E. 2017. Soil microbial communities 
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