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1 Introduction 

While farming has always been risky, with droughts, foods, heat waves, and 
other hazards harming crop production and farmers’ livelihoods globally for 
millennia, there is no doubt that climate change increases the severity and 
frequency of these and other hazards like pest and disease outbreaks (Hao 
et al., 2018; Intergovernmental Panel on Climate Change (IPCC), 2023; USGCRP, 
2023). Risk is a multidimensional concept, including not only the intensity of 
hazardous events like droughts or foods but also the degree of vulnerability 
for a particular system, community, or region. Vulnerability considers both the 
degree of exposure and sensitivity to hazards, in addition to the capacity of 
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farmers to prepare for and adapt to these events (U.S. Federal Government, 
2021). 

At the same time that the severity and frequency of hazards are increasing, 
the specialization of cropping systems that goes hand-in-hand with the 
industrialization of agriculture – in which farmers often grow just one or two 
crops – increases both sensitivity and exposure to stressful weather and 
other perturbations (Ortiz-Bobea et al., 2018). Often-discussed agriculture 
adaptations to climate stressors, like breeding more stress-resistant crop 
varieties (Ortiz-Bobea and Tack, 2018; Zabel et al., 2021), adopting irrigation in 
rainfed systems (Rosa, 2022), increasing drainage (Castellano et al., 2019), and 
shifting planting dates, do not address the fundamental vulnerabilities of low 
diversity cropping systems. 

Ecological diversifcation across multiple scales is at the heart of 
agroecological principles for production systems (Wezel et al., 2020). Forms of 
planned agricultural diversifcation include different genotypes (intraspecifc) 
or distinct species (interspecifc) of plants or animals, spanning scales from 
small plots to whole landscapes and across dimensions of both time and space 
(Perfecto et al., 2009; Lin, 2011; Kremen et al., 2012a). Acknowledging this wide 
array of options, in this chapter we focus on cropping system diversifcation, 
emphasizing the ways in which crop diversity can be increased across time 
and space. We focus mainly on the case of diversifying cropping systems that 
rely on high levels of non-renewable inputs and have been highly simplifed, 
as is the case in many industrialized agricultural systems. Simplifcation has 
also occurred in smallholder systems when traditional practices and crops 
have been displaced, even though the inputs necessary to support yields in 
conjunction with simplifcation remain unavailable to these farmers; however, 
pathways to diversifcation require different approaches to address different 
lock-ins (Gliessman et al., 2018). 

Diversifcation of cropping systems can occur in many ways, allowing 
farmers to tailor diversifcation strategies to any context or starting point. In this 
context, we focus on how crop diversity affects crop yields and, in particular, 
multiple dimensions of how yields vary over time, including the general 
stability of yields and yield responses to specifc stressors. Such metrics of 
yield variability and stability are critical features of cropping systems but are 
understudied and often undervalued compared to average yields. We review 
possible mechanisms underlying these features, and we also highlight other 
ecosystem services provided by diversifed cropping systems, as well as 
pathways for diversifying cropping systems, including the specifc case of 
valuing risk mitigation. 

Our perspectives have been shaped by working together on the Diverse 
Rotations Improve Valuable Ecosystem Services (DRIVES) Project, which 
uses legacy data from long-term feld experiments to address research 
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questions about multifunctionality of agriculture (Bybee-Finley et al., 2024). 
We occasionally draw on relevant examples from other types of agricultural 
systems and other regions of the world; however, our experience with this 
project and its focus on crop rotation in industrialized grain-based agricultural 
systems of North America inevitably makes our focus more on these systems. 
Yet given a common set of ecological mechanisms that operate to one degree 
or another in different contexts, general conclusions regarding how cropping 
system diversifcation affects yields and the yield responses to stress transcend 
any one region or mode of cropping system diversifcation. 

2 Diversity and ecosystem functioning 

A central tenet of ecological theory posits that higher levels of biodiversity 
increase the magnitude of ecosystem functions, such as productivity 
and nutrient cycling. One reason this relationship arises is because of 
complementarity (Loreau and Hector, 2001), which arises when species vary in 
functional traits (i.e. functional diversity, the variety of traits that allow species to 
perform different ecological functions) (Elmqvist et al., 2003). The underlying 
mechanisms include niche differentiation in space and time as well as positive 
interactions among species, i.e. facilitation. Diverse communities are more 
likely to contain species that occupy complementary niches and thus more 
completely use available resources, increasing aggregate productivity. For 
example, plants with different rooting depths can access water and nutrients 
from different soil layers, reducing competition and improving resource use 
effciency (Elmqvist et al., 2003). Facilitation describes interactions (direct or 
indirect) among species that increase resource availability and/or reduce 
interspecifc competition. Facilitation can occur both across space and over 
time. A second reason for biodiversity-ecosystem function relationships is the 
so-called selection effect, when communities with more species may be more 
likely to contain highly productive dominant species (Loreau, 2000; Loreau 
et al., 2001). 

Biodiversity also contributes to the stability and resilience of ecosystem 
functions during variable environmental conditions (Loreau et al., 2001; 
Hooper et al., 2005). Even if some species appear redundant during constant 
environmental conditions, their contributions to ecosystem functions can 
become more apparent when environmental conditions change. A more 
diverse community has a greater likelihood of containing species that vary in 
their responses to environmental fuctuations – i.e. response diversity – than 
a less diverse community. Describing the implications of this as the insurance 
hypothesis, Yachi and Loreau (1999) posited that ecosystem functions like 
productivity vary less in a more diverse community because the declines in 
performance or abundance of some species can be offset by shallower declines 
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or increases in the performance of other species, allowing for more stable 
ecosystem functions. This ‘buffering effect’, i.e. the greater temporal stability of 
ecosystem functions that results from response diversity, is essentially identical 
to another concept ecologists have borrowed from economics, the portfolio 
effect (Loreau et al., 2021). In addition to the buffering effect, the insurance 
hypothesis has also emphasized that biodiversity can affect the temporal 
mean of ecosystem functions, not just temporal variance, via the ‘performance 
enhancing effect’ of biodiversity. This effect arises due to the selection effect, in 
that there is a greater likelihood that high-performing species will be present 
in more diverse communities over time as environmental conditions fuctuate, 
leading to greater mean performance over time (Yachi and Loreau, 1999). While 
the relevant economic theory expects tradeoffs between reducing variance and 
increasing mean performance, ecologists have rarely addressed this (Montoya 
et al., 2019; Loreau et al., 2021) 

In line with these ideas, theory and empirical work suggest that the benefts 
of additional biodiversity are greatest when new species add unique functional 
and/or response traits (Jackson et al., 2007). Thus, changes in ecosystem 
functioning from adding biodiversity tend to be greatest when biodiversity is at 
a low starting point, and benefts can saturate at varying levels of biodiversity, 
depending on the systems, number of functions considered, etc. Classic 
ecological feld experiments, often in perennial grasslands where species 
number has been manipulated (Tilman et al., 2014, p. 200), have supported 
much of this theory, with a general conclusion that many species with diverse 
traits are needed to support multiple ecosystem functions in a changing 
environment across large spatio-temporal contexts (Cardinale et al., 2011, p. 
20; Isbell et al., 2011). At the same time, syntheses have found inconsistent 
evidence, both for biodiversity-productivity relationships and for biodiversity-
resilience relationships (Gross et al., 2014; Grace et al., 2016; Dee et al., 2023; 
Lipoma et al., 2024), suggesting that understanding remains far from complete. 
For example, effects showing neutral or negative biodiversity-productivity 
relationships in observational studies appear to arise when increases in 
biodiversity are driven by rare native or non-rare, non-native species (Dee et al., 
2023) 

Biodiversity has also long been considered essential for resilient and 
multifunctional agroecosystems (Gliessman, 1990; Kremen et al., 2012b; Isbell 
et al., 2017). Agroecosystems can encompass a wide continuum of biodiversity, 
from the highly diverse agroforests and home gardens of traditional and 
indigenous farmers (Kumar and Nair, 2004) to the highly simplifed continuous 
monocultures of industrial agricultural systems. Agroecosystems differ in 
important ways from the natural systems and artifcially constructed experiments 
on which most ecological theory is based, sometimes leading to divergent 
results compared to natural ecosystems about the level or relative importance 
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of biodiversity required for functioning (Snapp et al., 2010). Such differences 
include additions of synthetic inputs and energy, community assembly, and 
spatio-temporal dimensions of diversifcation, to name a few. 

While communities assemble from both stochastic and deterministic 
processes in natural systems, farmers, pastoralists, and other types of producers 
control ‘planned’ biodiversity – purposeful inclusion of plants and animals – in 
agroecosystems (Altieri, 1999). They make these selections for cultural, market, 
and functional reasons. For instance, functionally, including crops that maximize 
niche complementarity and perform specifc roles, like legumes that fx nitrogen 
along with more productive grasses, is a common strategy. In turn, planned 
biodiversity supports ‘associated’ biodiversity – fora and fauna not under 
direct control but that live in or move through an agroecosystem – together 
underpinning the multifunctionality of agricultural systems. Planned and 
associated biodiversity together can both reduce negative externalities (e.g. 
losses of nitrogen to leaching or as greenhouse gasses) and provide benefts 
for society (e.g. clean water and air). Yet these benefts do not often accrue 
to individual farmers, who are responsible for decisions to diversify cropping 
systems and who must see some beneft from doing so. Direct benefts to farmers 
from cropping system diversifcation may arise when biodiversity substitutes for 
the functional role of synthetic inputs (e.g. when ecological interactions control 
pests vs. the use of pesticides), allowing them to reduce input costs, and/or 
through positive effects on crop productivity, thereby increasing income. Such 
effects on crop productivity, however, are not simply about magnitude but also 
the stability and responsiveness of crop productivity to adverse conditions, 
factors that are especially important for long-term planning in the context of an 
increasingly variable and stressful climate. 

3 Ways of diversifying cropping systems 

Cropping system diversifcation occurs in both time and space, and is often 
interactive across various scales, making the effects of spatial and temporal 
diversity challenging to disentangle (Fig. 1). Spatial diversifcation involves 
varying the cultivars and/or species of crops grown within a spatial area (i.e. 
feld, farm, or landscape). Temporal diversifcation involves changing the types 
of crops grown over time within the same space (e.g. within or across years). A 
great example of this is crop rotations. 

Crop rotations are crops grown sequentially in the same feld and are one 
of the most common ways to diversify cropping systems in time, particularly in 
industrialized systems (Beillouin et al., 2019). Farmers often rotate their crops 
among different felds, thus crop rotations also confer spatial diversity at the 
farm level. Crop rotations can be more diverse as more crops are added, but 
they can also be made more complex by extending the length of time before 



Cropping system diversifcation effects on yield, yield stability and risk 6 

Published by Burleigh Dodds Science Publishing Limited, 2026.

 

 
 

  

 
  

 

 

  
  

  

   
 

 

Figure 1 There are many spatial and temporal strategies for diversifying cropping 
systems that vary in their degree of heterogeneity. Considering the scale of a plot or feld, 
some practices add temporal (red) or spatial (blue) diversity, whereas for some practices 
it is impossible to disentangle the two aspects (purple). Moving to farm or regional scales, 
increasing the temporal diversity of cropping systems can also increase spatial diversity. 

the sequence repeats. Although annual and perennial crops can be used in 
crop rotations, annual crops predominate in commodity crop production (FAO, 
2022). Another way to increase the diversity of a crop rotation is by including 
cover crops, which are typically annual crops that are not harvested and are 
grown during periods when cash crops are generally not present. Cover 
crops can also be used in perennial systems, such as between rows of trees in 
orchards, thereby increasing both spatial and temporal diversity. 

Strip intercropping is a form of spatial diversifcation where different 
crops are planted in separate, adjacent rows. This practice can range from 
fne gradients (i.e. one or two rows alternating between crops, for example in 
vegetable production) to broader swaths of crops as wide as one to several 
passes of harvesting equipment. Strip intercropping is often combined with 
contour planting in large, mechanized production systems to reduce soil erosion. 
Temporal diversifcation can occur if alternating strips of annual and perennial 
crops are used, for example as is common in large-scale dairy operations (Tower 
and Gardner, 1953). Technological advances, such as variable-rate planters, 
now allow for fner spatial resolution management of inputs, like fertilizer and 
seeding rates (Bybee-Finley and Ryan, 2018; Abhyankar et al., 2023), advancing 
the possibility of more effective and intensive approaches of diversifying strip 
intercropping. 



Published by Burleigh Dodds Science Publishing Limited, 2026.

Cropping system diversifcation effects on yield, yield stability and risk 7  

 

 

 

 
 

  

 

 

 

 

   

Mixed intercropping entails planting different cultivars or species together 
without any specifc spatial arrangement within a feld. At this scale, direct 
and indirect facilitative interactions are possible among species, as well as 
complementarity of resource use, often leading to synergistic effects with 
carefully designed mixes. Cultivar mixtures, the simultaneous cultivation of 
multiple cultivars of the same species, is a form of mixed intercropping that is 
well suited to mechanized systems. Most often implemented with grains, cultivar 
mixtures can increase yields (Reiss and Drinkwater, 2018; Huang et al., 2024), 
reduce diseases (Grettenberger and Tooker, 2015), and improve pollination 
(Chabert et al., 2024). Mixed species intercropping is most often associated 
with non-mechanized operations, cover crops, or forage production systems 
(Bybee-Finley and Ryan, 2018; Ha et al., 2024). Non-mechanized operations 
are often small-scale and/or traditional and refect indigenous cropping 
systems. The Three Sisters system of corn, beans, and squash in North America 
(Mt.Pleasant and Burt, 2010) or the soybean-rice systems of Asia (Mandal 
et al., 1990) are two common examples. Cover crop mixtures can enhance the 
multifunctionality of agricultural systems without requiring a transformative 
shift from monoculture cash crop production, as the non-harvested nature of 
cover crops allows use of complex mixtures with diverse growth habits and 
maturities that would otherwise be too challenging to manage at a large scale 
with current mechanization (Bybee-Finley et al., 2022). 

Forages are another avenue for mixed intercropping as they are often 
consumed by livestock on-farm, and localized production allows for high 
degrees of fexibility in harvests not permitted by highly standardized 
commodity markets (Barnes et al., 2003). Perennial forage mixtures are more 
common than annual forage mixtures and tend to exhibit temporal diversity, 
particularly in multi-cut systems in which certain species have different levels 
of productivity at different times through the growing season. For example, in 
the U.S. Northeast, harvests of intercropped alfalfa (Medicago sativa L.) and 
orchardgrass (Dactylis glomerata L.) have greater orchardgrass biomass in 
the frst cut (often in cool, wet spring), while cuts in the summer have more 
alfalfa biomass (hotter and drier) (Bybee-Finley et al., 2023). Alfalfa growth is 
primarily driven by heat units, while orchardgrass growth is more infuenced 
by day-length, which may explain differences in species expression across cuts 
(Cherney et al., 2020). Integrating livestock grazing on intercropped mixes 
of perennials in pasture systems further diversifes an operation, leading to 
changes in nutrient dynamics over space and time and biodiversity (Sanderson 
et al., 2013). 

Relay intercropping involves staggering the planting or harvest times of 
different crops such that their life cycles partially overlap, resulting in both within-
feld spatial and temporal diversifcation. In temperate climates with colder 
winters, a winter annual crop like oats (Avena sativa L.), which is sometimes 
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referred to as a nurse or companion crop, can be planted at the same time 
as a perennial forage crop like alfalfa, which establishes slowly (Barnes et al., 
2003). The biomass from the winter annual crop protects the seedling alfalfa 
from harsh winter conditions. The winter annuals are then harvested in spring, 
and the perennial crop persists for additional harvests. Relay intercropping by 
interseeding cover crops between rows of vegetative annual crops that are 
capable of recovering from disturbance is another application (Youngerman 
et al., 2018). This approach addresses the common issue of poor establishment 
of cover crops due to late planting dates following cash crop harvest in 
temperate regions (Brooker et al., 2020). In addition, cash crops are sometimes 
planted within a live cover crop (i.e. ‘planting green’) that is terminated at a later 
point in time with the cover crop serving as a nurse crop (Reed et al., 2019). 

Agroforestry involves integrating trees and shrubs into agricultural 
landscapes and confers both spatial and temporal diversity. Trees and shrubs 
also bring signifcant functional diversity relative to annual systems, while also 
yielding timber, fruit, or other products. Agroforestry systems vary considerably 
in structure, function, and complexity, especially in the tropics (Nair et al., 2021). 

4 Defning yield stability and risk 

Farming has always involved uncertainty and some degree of risk. Stressors 
like adverse weather or pest or disease outbreaks can all decrease yields. 
Interannual variability in temperature and precipitation accounts for 
approximately 30% of crop yield variability globally, and within some globally 
important grain-producing regions that proportion approaches 60% (Ray et al., 
2015). By this metric, farmers are stronger risk-takers than many other types 
of business people (White, 2023). Increases in growing season temperatures, 
more intense but fewer precipitation events, and longer dry periods all 
affect crop productivity, even when they are not extreme (Vogel et al., 2019; 
Brás et al., 2021; Costa et al., 2024). Thus, alongside the magnitude of crop 
yields, the extent to which crop yields vary over time or space in response to 
environmental perturbations is an important – but often understudied and 
undervalued – feature of cropping systems. 

The driving paradigm of industrial agriculture has been average yield 
maximization through a combination of high-yielding varieties, inputs (often 
non-renewable), and management improvements that aim to stabilize growing 
environments (Urruty et  al 2016). By contrast, an agroecological paradigm 
recognizes environmental variability as a given and instead emphasizes 
cropping system designs that stabilize production to the extent possible, 
particularly by minimizing yield losses. Depending on the discipline and type 
of inquiry, such cropping systems could be considered more stable, more 
resistant or resilient, or less risky (Urruty et al 2016). Table 1 in Urruty et al. (2016) 
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provides a summary of these concepts, including defnitions and specifcations 
about what part of the agricultural systems is typically studied, including what 
outputs and against what type of perturbations. 

Yield stability, or the consistency of agricultural yields over time or across 
space, is an important feature of cropping systems. Temporal yield stability 
is important for farmers because it infuences economic predictability and 
fnancial solvency. Yield stability is also important for food security, from the 
subsistence farm-scale to societies at regional, national, and global governance 
scales. Any agricultural region with high variability in yields over time or across 
locations will make it more diffcult to deal with shortages in poor yielding 
years or locations, since it then becomes harder for those shortages to be 
offset by higher yields in other years (e.g. through storage) or in other locations 
(Reckling et al., 2021). With climate change bringing a greater likelihood of 
widespread or multiple synchronous adverse weather events, i.e. an increase in 
the frequency of how many such events happen in a given period of time (e.g. 
Tigchelaar et al., 2018), low yields in one location cannot always be offset by 
high yields in other locations. 

Measures of yield stability often focus on a measure of variability of yield 
over time or space regardless of the source of the variation (Urruty et al., 
2016; Reckling et al., 2021). A static concept of stability focuses on a desirable 
property of stability, namely maintaining constant yields across environments. 
Simple metrics describe how an individual cropping system (e.g. a particular 
rotation or intercropping arrangement) varies over time, such as with a standard 
deviation or coeffcient of variation of yields over time or space (Knapp and van 
der Heijden, 2018); however, these metrics are problematic when a relationship 
exists between mean and variance, which is often observed when there is a 
large range of mean values (Döring et al., 2015). If there are strong associations 
between stability metrics and mean yields across treatments, then there is 
little new information contained in a stability metric not already present in the 
mean values. More complex stability metrics address this issue (e.g. Power Law 
Residuals) (Döring et al., 2015; Reckling et al., 2021). 

In contrast to metrics of static stability, dynamic stability refers to yields 
having a constant difference to the mean response of all tested treatments or 
observed practices in each environment (Reckling et al., 2021). Concepts of 
dynamic stability are derived from plant breeding, and common metrics refect 
this history. As one example, the environmental index (EI) is a proxy for growing 
conditions calculated as the mean yield of all treatments (e.g. genotypes or 
cropping systems) (Finlay and Wilkinson, 1963; Grover et al., 2009). For instance, 
if yield is modeled as a response to the EI in a statistical regression model, then 
the regression coeffcient for the interaction between all treatments and the EI 
then describes the dynamic stability of yields. One issue in applying this metric 
in cropping systems research is that the number of treatments in cropping 
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systems experiments is typically relatively low compared to plant breeding 
trials in which EI was developed, and so the EI is more strongly infuenced by 
individual cropping systems (Reckling et al., 2021). 

Different approaches from these stability metrics can be used if the risk of 
low yields is particularly important to understand. One approach that remains 
agnostic to the source of yield variability relies on the entire distribution of 
yield values for a given cropping system and uses this distribution to assess the 
probability of falling below a given yield threshold (Gaudin et al., 2015; Bowles 
et al., 2020) (Fig. 2). This approach avoids summarizing an entire distribution 
with one stability metric; it also allows easily computing yield mean and variance 
for a cropping system. In addition, other properties of the distribution such as 
skewness can be important to distinguish how much more severe the risk of 
a low yield can be compared to the possibility of a bumper crop of similar 
size. This approach is how programs like crop insurance consider coverage 
for yield risks and compute the value of that coverage (e.g. insurance premia). 
For instance, farmers in the United States often purchase federally subsidized 

Figure 2  Probability distribution of yield under two cropping scenarios: black = diverse 
crop rotation, grey = simpler crop rotation. The areas under the probability density curves 
between yield thresholds (vertical lines) represent the probability of yields falling in the 
corresponding ranges. The image illustrates downside probabilities, in orange, i.e. the 
chance of falling below a yield threshold of interest (e.g. 95% of historical yield or control 
yield, black vertical line). The more diverse rotation’s yield distribution is shifted to the 
right, leading to a smaller downside probability, i.e. greater yield stability on the low side, 
as illustrated by the smaller shaded orange area for the more diverse rotation, compared 
to the entire original orange area (control). 



Published by Burleigh Dodds Science Publishing Limited, 2026.

Cropping system diversifcation effects on yield, yield stability and risk 11  

 

 

   

 

 

 

 

 

 
 

 
 

 

insurance to protect against losses when yields fall below a given threshold 
(often 80%) of their historical average. 

Downside probabilities at a given risk level for different cropping systems can 
be compared by calculating the difference of downside probabilities between 
treatments (e.g. different rotations or intercropping vs. monocropping), which 
then describes an absolute difference in risk. A metric of relative difference 
in risk would divide the absolute risk difference by the downside probability 
for what is deemed a control treatment. When comparing one diversifcation 
practice against a control, the diversifed system downside probability can 
be subtracted from the control practice downside probability to describe the 
difference in risk of crop loss. Under these defnitions, positive values for risk 
mitigation represent situations where the diversifcation practice (e.g. the more 
diverse rotation) has reduced risk compared to the control (e.g. the simpler 
rotation). The probability of exceeding a given threshold, or so-called ‘upside 
potential’ (e.g. yield higher than the 105% level of historical yield in a given 
feld), can also be examined and compared across treatments. In this way, 
both yield risks and opportunities can be compared across cropping systems 
(Gaudin et al., 2015; Bowles et al., 2020; Manski et al., 2024). 

Beyond these defnitions of yield stability, which generally focus on 
fuctuations in yield regardless of the source of perturbations, crop yield 
responses have also been assessed in relation to specifc perturbations. The 
degree to which crop yields withstand losses from stressful conditions such 
as drought has been termed resistance (Urruty et al., 2016), an important 
component of resilience (Peterson et al., 2018). Methods for assessing resistance 
require characterizing factors of interest that affect yield, such as precipitation, 
temperature, evaporative demand, etc., typically followed by regression analysis 
(Urruty et al., 2016). Examining interactions between an aspect of cropping 
system diversifcation (e.g. rotational complexity or functional richness) and 
weather or climate factors allows for determining whether cropping systems 
respond differently to stressful weather. In particular, how resistant cropping 
systems are to stressful weather and/or how resilient they are at recovering from 
stressful weather is prescient given an increase in the frequency and severity of 
these adverse events in the face of climate change. 

The overall resilience of agricultural communities to climate risks is not 
solely dependent on the stability or resistance of crop yields (Altieri et al., 
2015). Socio-economic aspects of farms and farmers (e.g. farm income and size, 
farm enterprise diversity, crop and livestock diversity), land tenure, institutional 
policies (e.g. publicly subsidized farm safety nets), fnancial stressors (e.g. 
uncertainty/volatility on commodities prices and input prices, availability of 
private or cooperative fnancing), and community attributes (e.g. the degree 
of connectedness and mutual aid) all impact agricultural communities (Holt-
Giménez et al., 2021). As such, analysis of how cropping system diversifcation 
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affects yield stability generally and in response to specifc perturbations 
provides important, but incomplete, knowledge of how agricultural systems 
will respond to an increasingly stressful climate. 

5 Evidence for cropping system diversity effects on 
yields, yield stability and risk 

5.1 Effect on yields 

Evidence for the effects of cropping system diversity on yields, yield stability, 
and risk come from complementary sources (Drinkwater, 2002), including long-
term feld experiments, systems studies of working farms, and aggregated 
databases (e.g. county or country level). The body of this evidence shows that 
crop diversifcation usually has a positive effect on yields of individual crops. 
Using county-level data from USDA-NASS, Burchfeld et al. (2019) showed that 
corn, winter wheat, and soybean yields increased by up to 20% with greater 
spatial diversity of crops within a landscape, though outcomes varied by region. 
More evidence exists that crop yields beneft from overall landscape diversity 
(Galpern et al., 2020; Redhead et al., 2020; Nelson and Burchfeld, 2021; 
Nelson et al., 2022), which may correspond to spatial crop diversity. Natural 
and semi-natural habitats, such as forests and grasslands, play a particularly 
important role in supporting yield gains in diverse landscapes (Redhead 
et al., 2020) due to ecosystem services such as pest biocontrol and pollination 
(Duarte et al., 2018) (Duarte et al., 2018). Results on landscape-level diversity 
do not necessarily refect diversifcation practices by individual farmers, since 
benefts of landscape-level diversifcation apply similarly to monocultures as to 
more diverse systems (Burchfeld et al., 2019). 

Field experiments provide extensive evidence for crop diversifcation 
practices. In recent years, there has been a push to synthesize results from 
individual published studies as well as historical data from long-term 
experiments spanning a large geographic and temporal range to create 
generalizable conclusions about the effects of crop diversifcation on yields 
and other outcomes (Fig. 3). For example, Tamburini et al. (2020) conducted 
a second-order meta-analysis of 5160 original studies covering a broad range 
of crop diversifcation practices and showed that a majority of studies found 
positive effects of crop diversifcation on crop yields (59%) and other ecosystem 
services (67%). Meta-analyses on intercropping have shown that polycultures 
of legumes and non-legumes tended to improve crop yields and biocontrol 
of pests (Iverson et al., 2014, 26 studies) and increase temporal yield stability 
(Raseduzzaman and Jensen, 2017, 33 studies). 

A large body of experimental synthesis research applies to crop rotation. 
A meta-analysis of 30 long-term cropping systems experiments in Europe and 
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Figure 3  Long-term cropping systems experiments focused on crop diversifcation 
across North America. From top-left to bottom-right: (1) CIMMYT D5 trial in Texcoco, 
Mexico (Simon Fontaine); (2) and (4) Farming Systems Project, Beltsville, MD (Michel 
Cavigelli); (3) and (5) Long-term Rotation and Tillage Trial, Elora, Ontario, Canada (Adrian 
Correndo). (6) The Century Experiment, Davis, CA (Amelie Gaudin); (7) Triplett-Van Doren 
Long-term Tillage and Crop Rotation Study, Wooster, OH (Leo Deiss); (8) Living Field Lab, 
Kellogg Biological Station, MI (Sieg Snapp); (9) Long-term Rotation and Tillage Trial, 
Ridgetown, Ontario, Canada (David Hooker). 

Africa found that crop rotations increased yields of individual crops compared 
with those crops in continuous monocultures (Maclaren et al., 2022). Using 
Bayesian multilevel regression analyses of corn yields from 11 long-term 
experiments, Bowles et  al. (2020) showed that more diverse crop rotations 
increased corn yields over time and across all growing conditions (28.1% on 
average), including in favorable weather conditions (22.6%). Bybee-Finley et al. 
(2024) used a similar Bayesian multilevel regression approach with 19 sites 
and found that more complex rotations tended to increase corn and soybean 
yields (quantifed as dollar output) by $114 ha-1 and $75 ha-1, respectively, per 
unit of the rotational complexity index (RCI; which combines species richness 
and rotation length to describe the ‘rotational complexity’ of a rotation). Marini 
et al. (2020) showed that diverse rotations from seven long-term experiments in 
Europe had higher yields for both winter and spring cereals (average +860 and 
+390 kg ha−1 per year, respectively) compared with a continuous monoculture. 
A frequentist multilevel regression study of 32 long-term experiments found 
that increasing crop rotation diversity improved yields for corn in North America 
and small grains in Europe (Costa et al., 2024). 
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Yield benefts from diverse rotations tend to increase over time, as 
demonstrated for corn (Bowles et al., 2020) and for winter and spring cereals 
(Marini et al., 2020; Smith et al., 2023), though the temporal dynamics are 
crop specifc. For example, yields increased rapidly in winter cereals following 
adoption of diverse rotations and maintained yield advantages over time, while 
yield increases in spring cereals were slower to manifest but kept increasing 
with time (Marini et al., 2020). 

Experimental synthesis studies have identifed several caveats to the 
general trend that rotational diversity improves crop yields. First, the level of 
diversity matters. Smith et al. (2023) found yields of winter small grains peaked 
at intermediate levels of rotational diversity (equivalent to a Shannon diversity 
of ~4) and then declined at the highest level of rotation diversity, though yields 
did not decline if diversity were measured in terms of functional richness. This 
indicates that relatively low levels of crop diversity may maximize average yield 
benefts. Second, other management practices may alter yield responses to 
rotational diversity. For instance, Bowles et al. (2020), Maclaren et al. (2022), and 
Bybee-Finley et al. (2024) all found that diverse rotations were more benefcial 
for systems with lower nitrogen inputs, similar to fndings on the impact of 
spatial crop diversifcation (Reiss and Drinkwater, 2018, 2022), supporting the 
stress-gradient hypothesis (He et al., 2013). 

5.2 Effects on yield stability 

Beyond improvements in crop yields, and crop yields over time, cropping 
system diversifcation also tends to improve yield stability and reduce risks. As 
discussed in the previous section, yield stability and risk can be understood 
and quantifed in different ways and can focus on yields of individual crops vs. 
various system-level outputs (Bybee-Finley et al., 2024). 

5.2.1 Static concept 

Under the static concept (as defned in Section 4), yield stability is defned by 
lower variability over time or space, often measured as coeffcient of variation 
(CV, typically defned as standard deviation of yield divided by mean yield), or 
similar metric. Observational work with these types of static metrics has shown 
that spatial diversity of crops increases temporal yield stability at varying spatial 
scales. Using 50 years of annual crop yield data from 176 crop species and 91 
countries, Renard and Tilman (2019) showed that greater spatial diversity of crop 
species within nations increased temporal stability of national food production, 
defned by caloric yield. The effect of diversity on caloric yield stability was 
similar in magnitude as the destabilizing effect of temperature and precipitation 
variability, and greater than the effect of irrigation and nitrogen inputs (Fig. 4). 
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Figure 4 Greater spatial diversity of crop species within nations increases temporal 
stability of national food production, defned by caloric yield. From Renard and Tilman 
(2019). Regression coeffcients show the comparable magnitude of the effect of each 
variable on log-stability in a multiple regression (the response variable is the logarithm 
of national yield stability). (a) Regression coeffcients using effective crop group diversity 
(n = 437). (b) Regression coeffcients using effective crop species diversity (n = 437). 
The data for each predictor variable were standardized to zero mean and unit variance 
across all nations and time periods (Methods) to enable the comparison of effects with 
a change of one standard deviation (1σ) in each predictor on the log-stability values. 
Asterisks indicate the signifcance of each predictor. *** means P-value < 0.001 (extremely 
high level of statistical signifcance); NS means the regressor’s effect is not statistically 
signifcant (P-value > 0.05). There are no regressor P-values between 0.001 and 0.05. 

Positive relationships between spatial crop diversity and temporal yield stability 
have also been demonstrated within and across U.S. states (Driscoll et al., 
2022), European regions (Egli et al., 2021b), U.S. counties (Nelson et al., 2022, 
Burchfeld et al., 2019), and individual farms (Egli et al., 2021a). A prominent 
explanation for large-scale diversity-stability relationships is that diversity 
increases asynchrony in crop production (see Section 7.2 for more discussion), 
thereby spreading risk in adverse conditions (Egli et al., 2020). However, Meng 
et al. (2024) found that diversity-stability relationships were stronger in larger 
countries, even though diversity-asynchrony relationships did not change with 
country size. Their results show that spatial scale infuences diversity-stability 
relationships in ways that cannot be explained by asynchrony alone. 

Regarding experimental work and static yield stability, a meta-analysis 
of 33 studies found that intercropping generally increased yield stability 
(measured as CV over time), with greater benefts in cereal-legume intercrops 
than in other combinations (cereal-cereal, legume-legume, cereal-oilseed, 
legume-root crop, etc.) (Raseduzzaman and Jensen, 2017). For crop rotational 
complexity, evidence for temporal yield stability comes from individual long-
term experiments, usually alongside other stability concepts. Sanford et  al. 
(2021) found that rotations with greater perenniality (understood as containing 
perennial crops or no-till annual crops) showed greater temporal stability in 
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Figure 5  Corn and soybean yields tended to increase with a continuous index of crop 
rotational complexity (RCI), and this effect was either unaffected by growing conditions or 
improved yields to a greater degree under good growing conditions. For whole rotation 
yields, represented by yield-dollars, rotational complexity improves rotation-level yield 
stability by reducing yield losses in poor growing conditions, which aligns with the 
resistance concept of yield stability. From Bybee-Finley et al. (2024). Growing conditions 
are represented by an environmental index (EI), which is the average output within a 
site-year, accounting for management differences. The RCI effect is the change in output 
($1,000 ha−1 RCI−1) when growing conditions are held constant. This effect is measured 
by the value of the regression coeffcient of the RCI explanatory variable in a regression 
of dollar-yields against RCI and other variables. The EI:RCI effect describes how the 
RCI effect changes with growing conditions ($ ha−1 RCI−1 EI−1). This is measured by the 
corresponding regression coeffcient for the EI*RCI variable in that same regression 
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model. Points and error bars in these fve panels represent the population-level (black) 
or site-level (colored by diversifcation strategy) medians and spreads of posterior 
parameter estimates from 32,000 Markov Chain Monte Carlo (MCMC) iterations. The 
error bars represent the 95% highest probability density interval (HPDI). The panel for 
complete rotations has larger axis scales than the individual crop panels, which have 
identical scales, showing that the full rotation dollar-yields are more sensitive to RCI and 
to the conjunction of EI and RCI than are the individual crop dollar-yields. 

whole-rotation caloric yield. Grover et al. (2009) found that temporal stability 
of corn yields was lower in simplifed monoculture and corn-soybean rotations 
than in longer rotations containing alfalfa or small grains with cover crops. 
Gaudin et al. (2015) found that temporal stability of corn and soybean yields 
did not differ among rotations, though diverse rotations did show higher yield 
stability across subsets of years characterized by adverse weather conditions. 

5.2.2 Dynamic concept 

Under the dynamic concept from plant breeding, yield stability for a given 
treatment is evaluated based on its difference from the mean response across 
treatments over a range of environments. Bowles et  al. (2020) and Bybee-
Finley et  al. (2024) analyzed dynamic yield stability across multiple long-
term experiments using regressions between yields and EI calculated from 
treatment means within site-years. Effects of crop rotation on yield stability 
were inferred based on the statistical interaction between EI and RCI (defned 
in Sections 4 and 5.1, respectively). The main RCI effect describes how 
rotational complexity affects yields on average, and the EI:RCI effect describes 
how effects of rotational complexity change over growing conditions, the latter 
being described by EI. Corn yields (both studies) and soybean yields (Bybee-
Finley et al., 2024) tended to show a positive RCI main effect and neutral or 
weakly positive RCI:EI interaction effect, meaning that impacts of rotational 
complexity were unaffected by growing conditions or improved yields to a 
greater degree under good growing conditions (Fig. 5.). In other words, yield 
benefts of rotational complexity remained stable over a range of growing 
conditions. Complete-rotation yields, quantifed as dollar output, showed a 
wider range of RCI main effects across sites, but generally showed a negative 
RCI:EI interaction effect (Bybee-Finley et al., 2024). This means that rotational 
complexity tended to improve rotation-level output to a greater degree (or 
reduce it to a lesser degree) under poor conditions. This result suggests that 
rotational complexity improves rotation-level yield stability by reducing yield 
losses in poor growing conditions, which aligns with the resistance concept 
of yield stability. The contrast between crop-level and rotation-level outcomes 
from Bybee-Finley et  al. (2024) illustrates that evidence for crop rotational 
complexity must consider the whole system, not just indicator crops. This idea 
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will be discussed further in Section 5.3. The ‘dynamic concept’ of stability can 
also be assessed in a static fashion when various points/thresholds along the 
regression are selected (e.g. 20th, 50th, 80th percentile) and compared, as 
done by Bybee-Finley et al. (2023). 

5.2.3 Resistance concept 

The resistance concept of stability, describing how cropping systems respond 
to adverse conditions, has been investigated in both observational and 
experimental studies. Research shows that crop diversifcation typically improves 
resistance to adverse conditions. One approach commonly used for long-term 
experiments is to compare crop yields in more and less complex rotations 
during poor years. Bowles et al. (2020) identifed putative drought years based 
on crop insurance payouts in counties where 11 long-term experiments were 
located. Sanford et al. (2021) identifed drought years within an experimental 
site using the short-term Palmer Z index. Gaudin et  al. (2015) used Principal 
Components Analysis with multiple weather metrics to identify clusters of years 
with unusually hot/dry or cool/wet conditions within a site. All of these studies 
found that rotational complexity improved yield outcomes in adverse years. 

Another approach is to use regression analysis with yield and weather data. 
Renard et al. (2023) found that crop spatial diversity within countries buffered 
negative effects of drought and heat on national caloric yield, based on 58 years 
of annual crop yield and weather data from 109 crops and 127 countries. Using 
a multi-level regression on data from seven long-term experiments in Europe, 
Marini et al. (2020) found that diverse rotations (treated as a binary category 
of rotation vs. monoculture) reduced yield losses for small grains in hot and 
dry conditions. Interactions between temperature and precipitation differed for 
winter and spring small grains, refecting differences in sensitivity related to 
their growing seasons. Costa et al. (2024) performed a similar regression over 
32 long-term experiments across Europe and North America, with small grains 
and corn. Using multi-level models with crop rotational diversity as a continuous 
metric, they found complex relationships among diversity, temperature, and 
precipitation with varying sensitivities across crops. A common pattern was that 
rotational diversity tended to improve yields over a wide range of conditions, 
though the maximum yield beneft was reduced under adverse weather. This 
pattern resembles results from models with a yield-based EI (Bowles et al., 
2020 and Bybee-Finley et al., 2024). Interestingly, the level of diversity needed 
to maximize yield benefts varied over weather conditions and among species 
(Costa et al., 2024). Spring and winter small grains showed a hump-shaped 
relationship between diversity and yield, with yield benefts peaking at an 
intermediate diversity level and declining at very high levels. Corn data did not 
cover a high enough range of diversity to see a saturation effect. 
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5.2.4 Risk reduction as downside probability 

Tang et al. (2024) compared the probabilities of yields falling below (downside) 
and above (upside) yield thresholds between cotton monocultures and 
intercrops in a fve-year feld experiment, using the yield distribution pooled 
from all rotations selecting the 10th and 90th percentiles as thresholds for 
downside and upside probabilities, respectively. They found that intercropping 
cotton reduced downside probability by 12.4% and increased upside 
probability by 9.3%, simultaneously reducing risk and increasing potential 
rewards. Similar win-win outcomes have been demonstrated for rotational 
complexity. Using the same thresholds, Gaudin et al. (2015) showed that diverse 
rotations containing small grains and forages reduced downside probability 
and increased upside probability for corn yields, when comparing corn 
monocultures or corn-soybean rotations in a 30-year experiment. However, the 
effects of diversifcation were less pronounced under reduced tillage. Using 
data from 11 long-term experiments, Bowles et  al. (2020) found that more 
diverse rotations reduced corn yield downside probability at eight sites and 
increased upside probability at ten sites. 

Using remotely sensed and modeled data on crop rotational complexity 
and corn yields from over 2.2 million feld-years in two U.S. Midwestern states, 
Manski et  al. (2024) found that diverse rotations decrease the risk of corn 
yield losses (i.e. reduction in the probability of yields falling below 95% of 
historical feld average) in dry years, defned by vapor pressure defcit, in areas 
that experience these conditions more frequently. Simultaneously, diversifed 
rotations increased yields under favorable conditions across the region (i.e. 
increase in the probability of yields going above 105% of historical feld 
average). 

5.3 System-level outcomes 

To compare diversifed and simplifed cropping systems of any kind, outcomes 
at the whole system level must be understood. For yield and yield stability 
outcomes, this means looking beyond just indicator crops to whole systems. The 
portfolio effect is one important outcome that only emerges by examining whole 
systems. In the context of cropping systems, the portfolio effect – analogous to 
fnancial portfolio theory – describes how greater functional diversity present in 
diversifed systems spreads the risk of negative responses to adverse conditions, 
resulting in reduced yield variation in a portfolio of crops compared to a single 
crop (Paut et al., 2019). When considering whole systems, the fundamental 
theory that a diverse portfolio reduces risks can be applied similarly to farms as 
to nations. By contrast, effects of cropping system diversity on individual crops 
refect mechanisms operating on a more limited spatial scale. 
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Quantifying output for whole systems requires converting crop yields to a 
common unit, which is not a straightforward task. Many metrics are available to 
evaluate cropping outputs, such as units of energy, nutritional value, effciency 
of resource use, and gross or net returns. Metric selection is a subjective choice 
(iPES Food, 2016) that is constrained by data availability. Converting to common 
units likely entails incorporating additional sources of variability beyond crop 
production that must be carefully considered. 

Conclusions regarding the effects of crop diversity can be distinct 
depending on the metric selected as well as the scale under consideration. 
For example, comparing the productivity of rotations only on the basis of grain 
yield can lead to monoculture systems being considered the most productive 
(Snapp et al., 2010). In large-scale observational studies, it is common to 
convert crop yields to caloric output (Renard and Tilman, 2019; Egli et al., 
2020; Renard et al., 2023; Meng et al., 2024). However, Driscoll et al. (2022) 
found that economic yields (i.e. crop yields multiplied by prices) produced 
different diversity-stability relationships than caloric yields within U.S. states. 
Using county-level USDA-NASS data from 1981 to 2020, they found that crop 
diversity had a positive association with economic yield stability and a negative 
association with caloric yield stability. A primary reason for this discrepancy was 
that highly diverse states had a concentration of specialty crops like vegetables 
or nuts, which have high economic value but relatively little caloric value. 
Conversely, crops with high caloric value were concentrated in low diversity 
states. This regional specialization in the United States refects policy decisions 
and socioeconomic rationales that have increased the spatial concentration of 
crops 15-fold since 2002 (Crossley et al., 2021). Another reason for contrasting 
associations of caloric vs. economic stability with crop diversity is that economic 
yields were buffered by year-to-year variation in crop prices, particularly for 
crops under price support programs and because of negative price-production 
correlations. Differences between metrics also refect different sources of 
variability – i.e. static (calorie) vs. variable (prices) conversion factors and 
different crops contributing to output. 

Differences between metrics can also arise due to different value systems 
inherent to each metric. For example, Bybee-Finley et  al. (2024) converted 
crop yields from 20 long-term experiments to dollars using infation-adjusted 
U.S. crop prices averaged over 30 years. In this case, a static conversion factor 
was appropriate because the relative value of crops remained similar even 
as prices fuctuated. Therefore, outcomes refect year-to-year variability in 
rotations under the current economic system, which incentivizes specialization 
and simple rotations. For example, small grain crops generally had lower yields 
in comparison to corn, and their market values on a dry-weight basis ($282 
Mg-1 and $221 Mg-1 for wheat grain and corn, respectively) were insuffcient to 
generate comparable output. In contrast, soybeans had similar yields to small 
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grains (around 3 Mg ha-1 or 4 Mg ha-1), but their higher market value ($501 
Mg-1) resulted in output comparable to corn. Under this value system, diverse 
rotations containing less proftable crops represent an opportunity cost for 
farmers who could use the time and space for more proftable crops – though 
only 8 out of 19 sites showed a decrease in rotation-level output with greater 
rotational diversity. One of the sites is notable because a previous study 
found qualitatively different results when quantifying rotation-level output 
as human-consumable calories (Sanford et al., 2021). Quantifying output as 
dollars increased the relative value of alfalfa, leading to higher dollar output 
in diverse rotations for this site (Bybee-Finley et al., 2024). However, Sanford 
et  al. (2021) found that diverse rotations including alfalfa had lower caloric 
output than rotations with only corn and soybean due to lower calories per 
Mg in alfalfa. 

Any attempt to synthesize rotation-level outcomes across multiple sites 
faces a trade-off between relevance of fndings and tractability of data 
sources. Gross economic output (e.g. Bybee-Finley et al., 2024) has high 
tractability because yield data are readily synthesized across studies and price 
data are available in public databases. Differences in production costs must 
be accounted for in order to be more relevant to farmers and can accentuate 
the benefts of diverse rotations. For example, Liebman et  al. (2008) found 
that lower production costs increased the net economic output of diverse 
rotations, despite lower gross output. While net economic output has been 
quantifed within long-term experiments (Liebman et al., 2008; Chavas et al., 
2009; Davis et al., 2012; White et al., 2019; Janovicek et al., 2021; Zhou 
et al., 2021), synthesizing results across experiments is challenging because 
information about production costs, price variation, government subsidies, 
and other factors must be tailored to each location and production system. 
Outcomes may differ depending on which inputs are included in the analysis. 
For example, Liebman et al. (2008) and Chavas et al. (2009) found that more 
intensively managed simple rotations would be costlier without government 
support. Also, production costs from small-scale plot experiments may 
not accurately predict production costs in larger felds (Kravchenko et al., 
2017). Quantifying caloric or nutritional output has relatively high tractability 
because it can be done with yield data and publicly available nutrition 
information. However, converting yields to calories and nutrients requires 
assumptions about crop end uses that will play a large role in determining 
outcomes, possibly limiting relevance. Environmental outcomes, such as net 
carbon emissions (e.g. Hunt et al., 2019, 2020), are highly relevant for global 
environmental policy but diffcult to synthesize across sites. In the absence of 
mechanisms for linking such environmental outcomes back to farmers, it is 
diffcult to include them in an assessment of crop rotation diversity effects on 
farm-level income. 
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6 Impacts of crop diversity beyond yield 

Diversifed cropping systems can support multiple ecosystem services that 
are critically important for agricultural sustainability. Greater diversity of crops 
in rotation can increase soil organic carbon content, improving soil physical 
properties and water holding capacity while also contributing to effective 
regulation of insect pests, pathogens, and weeds (Bullock, 1992; Karlen et al., 
1994; Ball et al., 2005; Cavigelli et al., 2008; Teasdale and Cavigelli, 2010; 
Bennett et al., 2012; McDaniel et al., 2014; Ugarte et al., 2014). Bulk density and 
soil penetration resistance are reduced under diverse rotations, and aggregate 
stability is increased (Zuber et al., 2015; Baldwin-Kordick et al., 2022), leading 
to improved pore size distribution, greater rainfall infltration, and soil water 
retention (Alhameid et al., 2019). These factors contribute to greater root 
growth and water availability relative to simpler rotations. 

Cropping system diversifcation can lead to reduced use of mineral 
fertilizers and synthetic pesticides (Stanger and Lauer, 2008; Coulter et al., 
2011; Davis et al., 2012; Lechenet et al., 2014), while concomitantly reducing 
soil erosion and nutrient and pesticide emissions to water (Dinnes et al., 2002; 
Burkart et al., 2005; Lechenet et al., 2014; Tomer and Liebman, 2014; Hunt 
et al., 2017). Diverse rotations can reduce pesticide use through inclusion of 
crops with lower pesticide requirements and by enhancing the ecological 
regulation of pests (Guinet et al., 2023). For example, herbicide requirements 
can be reduced by 50% by adding oats and alfalfa to a two-year corn-soybean 
rotation, potentially reducing freshwater herbicide toxicity loading by 30% 
for each metric ton of harvested biomass (Hunt et al., 2017). Rotating grain 
and broadleaf crops also rotates herbicide chemistries and modes of action, 
reducing the possibility of the establishment of weed clades of either type (e.g. 
grass vs. broadleaf weeds) and herbicide resistance within weed populations 
(Ball, 1992; Busi et al., 2020). More diverse rotations containing nitrogen-fxing 
legumes enhance crop yields (Smith et al., 2008) regardless of the level of 
external inputs (Sindelar et al., 2016), reduce or eliminate nitrogen fertilizer 
requirements (McVay et al., 1989; Crews and Peoples, 2004), and contribute to 
soil nitrogen storage (Chahal et al., 2021). 

Crop rotations can be managed to build soil organic carbon by adding 
legumes, perennials, and cover crops to annual grain rotations (McDaniel et al., 
2014; King and Blesh, 2018), which, along with organic amendments, serve 
as sources of carbon and nitrogen to support greater soil microbial biomass, 
diversity, and function (Pittelkow et al., 2015; Tiemann et al., 2015; Venter et al., 
2016; Garland et al., 2021; Potter et al., 2022). These repeated carbon inputs 
affect the quality of soil organic carbon over time (Johnson et al., 2006; Martins 
et al., 2015; Rossi et al., 2020), affecting soil organic carbon dynamics and soil 
health and potentially increasing soil nitrogen storage, nitrogen availability, 
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and crop yields (Spargo et al., 2011; Osterholz et al., 2017; Taveira et al., 2020). 
However, soil texture, mineralogy, and antecedent soil organic carbon content 
all impact nitrogen storage and release. In high organic matter soils such as 
Mollisols, nitrogen storage primarily occurs within the mineral stabilized organic 
matter fraction, while in lower organic matter soils, inputs primarily increase 
the nitrogen stored in the occluded particulate organic matter fraction (Jilling 
et al., 2020). These differences in soil organic carbon quality impact carbon 
mineralization and nitrogen availability. 

Currently, few studies explore the long-term effect of rotational diversity 
on soil organic carbon and nitrogen fractions and cycling. Chen et al. (2014) 
found that at a Maryland research site, use of diversifed rotation systems 
and poultry litter markedly raised soil particulate organic carbon with a 
lower carbon:nitrogen ratio and accelerated carbon mineralization relative 
to a simpler rotation not receiving these inputs, whereas at an Iowa research 
site, cropping system diversifcation and manure application had a much 
smaller effect. In Maryland, increased concentrations of particulate organic 
matter nitrogen in the diverse rotations resulted in greater potential nitrogen 
mineralization and increased crop uptake of soil nitrogen relative to rotations 
that did not include these inputs (Spargo et al., 2011). At the Iowa site, gross 
ammonifcation, but not nitrogen mineralization, was positively related to corn 
nitrogen uptake (Osterholz et al., 2017). In addition, the effect was not unique 
to the diverse rotation, leading the authors to conclude that nitrogen dynamics 
were not an important driver of improved performance in diversifed rotations 
relative to the effects on soil water dynamics, crop rooting depth, and plant-
microbe interactions associated with improved soil health (Osterholz et al., 
2018). However, in these high organic matter soils, crop nitrogen uptake – 
synchronous with the release of small pools of nitrogen rapidly mineralized from 
mineral associated organic carbon mobilized by root exudates (Jilling et al., 
2021; Grandy et al., 2022) – likely contributed to crop uptake in both diverse 
and simple rotations. Crop uptake of this pool of legacy nitrogen released 
from mineral associated organic carbon likely masked the positive effects of 
crop residue nitrogen release on cropping system performance (Taveira et al., 
2020). Thus, designing crop rotations to increase soil organic carbon to beneft 
soil health, resiliency, and nitrogen availability, and thereby crop performance, 
requires balancing crop inputs with the inclusion of legumes, perennials, and 
organic amendments, and considering soil types and soil properties. 

7 Mechanisms for how crop diversity affects yield, 
yield stability and risk 

Understanding the possible mechanisms underlying how cropping system 
diversifcation affects yields and various aspects of yield stability is important 
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to help design and evaluate diversifcation strategies (e.g. rotational orders or 
more synergistic crop mixtures) and project their effects in different contexts 
and conditions. 

7.1 Mechanisms supporting higher yields in diversifed 
cropping systems 

The mechanisms underlying the effects of crop diversity on yields of individual 
crops and whole systems vary depending on the diversifcation strategy and 
have long been a central focus of agroecological research. Mechanisms 
behind overyielding in intercropped systems (i.e. the increase in crop yields 
that can occur when crops are grown with other species vs. in monoculture) 
are particularly well-studied and occur due to complementarity and facilitation 
(Vandermeer, John, 1989; Li et al., 2014; Duchene et al., 2017). Common 
examples of complementarity include different rooting depths, partitioning of 
light interception, or different timing of high nutrient demand among crops over 
the growing season. Examples of facilitation include belowground interactions 
in which phosphorus-mobilizing plant species increase phosphorus availability 
for other species and rhizodeposition of nitrogen-rich compounds from 
legumes that increase nitrogen availability for non-legumes (Li et al., 2014; 
Duchene et al., 2017). 

Analogous mechanisms that depend on species’ functional traits can 
be extended to crop rotation and temporal diversity when species are not 
present at the same time, such as greater nitrogen availability from legumes 
in more diverse rotations (Maclaren et al., 2022), breaking life cycles of weeds 
(Weisberger et al., 2019), and reducing herbivorous insects and plant pathogens 
(Bennett et al., 2012; Staudacher et al., 2013; Weisberger et al., 2021), as well 
as resource complementarity across different crops (Liebman and Dyck, 1993) 
and improvements in soil organic matter and other aspects of soil health (Ball 
et al., 2005; Vendig et al., 2023). 

Though still an active frontier of research, the changes to soil microbial 
community composition often observed in diversifed cropping systems 
(Venter et al., 2016; Soman et al., 2017; Peralta et al., 2018) can also account for 
higher yields (Benitez et al., 2021). One prominent mechanism involves plant-
soil feedbacks that reduce plant pathogens in diversifed cropping systems via 
changes to soil microbial communities driven by cropping history (Wang and 
Sugiyama, 2024). For example, Benitez et  al. (2021) showed that a statistical 
model including soil microbial community composition better explained corn 
and soybean yield advantages in two-crop vs. diversifed rotations compared to 
a model including metrics of nutrient availability. Reduced presence of putative 
pathogenic taxa in diversifed rotations was a driving factor (Benitez et al., 2017, 
2021). 
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7.2 Mechanisms supporting yield stability and reduced risk in 
diversifed cropping systems 

While the mechanisms contributing to higher yields in diversifed cropping 
systems could also contribute to higher yield stability and reduced risk of 
yield losses, additional mechanisms must be considered. These mechanisms 
operate at different spatial and temporal scales. Plant-soil feedbacks that alter 
belowground properties in diversifed systems mainly operate at the feld-
scale and may take years or decades to appear. They modify the interrelated 
soil physical, chemical, and biological characteristics that in turn buffer crops 
from adverse weather. Plant water stress caused by low precipitation and/or 
periods of high vapor pressure defcit is the most important factor limiting 
corn and other crop yields globally (Lobell et al., 2013; Ray et al., 2015). The 
long-term effects of cropping system diversifcation on soil organic matter 
(Griffths and Philippot, 2013; Gaudin et al., 2015; McDaniel and Grandy, 2016; 
Mooshammer et al., 2022) often improve soil structure and soil water holding 
capacity (Schmer et al., 2020; Blanchy et al., 2023), which could both increase 
crop access to water and allow nutrient cycling to persist (Bowles et al., 2022); 
however, direct evidence for this entire causal chain is sparse. For example, 
Kane et al. (2021) used historical U.S. county-level yields, soil characteristics, 
and crop insurance indemnity payment data to quantify relationships between 
soil organic matter and yields across increasingly stressful drought conditions. 
The strongest positive relationship between soil organic matter and yields 
occurred under the most severe drought conditions, with an absolute increase 
of 1% in soil organic matter concentration associated with a reduction by over 
one-third in the proportion of indemnities paid. Statistical modeling showed a 
direct relationship between soil organic matter and reduced yield losses during 
drought, but this was not mediated by changes to available water holding 
capacity. In one of the very few manipulative experiments testing how a history 
of cropping system diversity affects yield responses to drought, Renwick et al. 
(2021) used rainout shelters to reduce water availability to corn. Diversifying 
corn-soybean rotations with small grains and cover crops mitigated corn water 
stress at the leaf and canopy level and ultimately reduced corn yield losses by 
~17%. Similarly to Kane et al. (2021), statistical modeling also showed a direct 
relationship between soil organic matter and yield outcomes that was not 
mediated by changes in available water holding capacity as expected. 

These studies suggest that mechanisms beyond changes in available water 
holding capacity, though correlated with changes in soil organic matter, may 
contribute to the relationship between soil organic matter and plant performance 
during stress. Changes in soil microbial communities often correlate with 
changes in soil organic matter (Tiemann et al., 2015), and rhizosphere microbes 
could play a signifcant role in protection from drought and other stressors (de 
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Vries et al., 2020). For example, diversifed cropping systems can increase the 
abundance and diversity of arbuscular mycorrhizal fungi (Bowles et al., 2017; 
Guzman et al., 2021; Mooshammer et al., 2022), a group of fungal symbionts with 
known roles in supporting plant performance during dry conditions. Rotation 
diversifcation also affects soil physical structure and hydraulic properties that 
impact water dynamics beyond water holding capacity (Reynolds et al., 2014) 
and crop rooting characteristics (Lazicki et al., 2016). 

Beyond these belowground changes operating at a feld-scale, other 
mechanisms underpinning yield stability operate beyond the feld scale (e.g. 
farm scale or greater) and are immediate consequences of diversifcation. 
Individual crops in a rotation likely differ in their sensitivity to weather stresses 
because they differ in response diversity (i.e. functional traits that determine 
how species respond to stressors) (Elsalahy et al., 2020; Ewing et al., 2024) and 
have different phenologies and critical growth periods (Teasdale and Cavigelli, 
2017). Crop yields of more diverse rotations are buffered against exposure to 
stress across time due to differing growth periods, which reduces the potential 
that all crops in a rotation, at a whole farm level, are exposed to a given 
stressor (Gaudin et al., 2015). In addition, differences among plant species (e.g. 
plant architecture) allow for greater resource recovery (Elsalahy et al., 2020). 
The resulting portfolio effect reduces the variation in net yield of all crops in 
a rotation compared with the average yield variation of the individual crops 
(Paut et al., 2019). At the farm level or beyond however, it is important to note 
that crop rotation, intercropping, or other feld- or plot-scale diversifcation 
strategies, in which interactions among species in space or time are enhanced, 
are not strictly necessary to achieve a portfolio effect (Paut et al., 2020). For 
instance, a farm could grow continuous monocultures of different crops across 
space and achieve a portfolio effect; however, this type of strategy would not 
lead to many of the other benefts of cropping system diversifcation reviewed 
in Section 6, and continuous monocultures usually reduce yields over time, with 
few exceptions (Bennett et al., 2012). 

These mechanisms can only reduce risks of yield losses or stabilize yields 
to a point. Hazards can be so extreme that no level of crop diversity will protect 
against yield declines or failures (Altieri, 2023). It also may take more than 5 or 
10 years for farmers to see the benefts of crop diversifcation that come from 
soil-plant feedbacks. In addition, the benefts could be attenuated by other 
management practices such as tillage, fertilizer, and crop residue management 
that impact soil properties. 

8 Transitions to diversifed cropping systems 

Diversifcation of cropping systems is part of a much broader transition to more 
just and sustainable food systems based on agroecological principles (Anderson 
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et al., 2021). The pathways and processes for this broader agroecological 
transition are nonlinear, context-specifc, and span multiple scales and societal 
domains, ultimately depending on shifts in power. Transitions to diversifed 
cropping systems are a necessary but not suffcient component (Pretty, 2018; 
Wezel et al., 2020). While decisions to change cropping systems are made by 
individual or small groups of farmers and depend on local knowledge, such 
decisions are made in a structural and institutional context in which the ‘odds 
of diversifcation’ are often low (Blesh et al., 2023), based on policies and 
market forces that have favored the entrenchment of a highly simplifed system 
and eroded support for diversifed systems (Fig. 6) (Mortensen and Smith, 
2020). Thus, transitions must broadly pursue three objectives simultaneously: 
undoing the lock-in mechanisms that keep low diversity cropping systems in 
place; building innovative environments that promote and support diversifed 
cropping systems; and building local technical knowledge needed to enact 
diversifed systems. 

8.1 Undoing the lock-ins: barriers to diversifed cropping 
systems 

The ability of farmers to diversify their cropping systems is bounded largely by 
the economic viability of their choices, especially in the short term. Farmers’ 
decisions are driven in part by short-term cropping system proftability, often 
at the expense of long-term sustainability. In this way, the economic drivers 
of industrialized agriculture have superseded the ecological and governance 
systems that sustain us and protect us from a changing climate (Ikerd, 1993). 

Because commodity markets are globalized and regions have become 
specialized in specifc commodities, many farmers lack markets to sell 
crops that are not typically grown in their area (Roesch-McNally et al., 
2018). For example, in the U.S. Midwest, where production systems of corn 
and soybean dominate, cropping systems can be diversifed with small 
grains or alternative crops; however, farmers face limited market demand 
(Liebman and Schulte, 2015). The absence of robust markets for alternate 
crops discourages farmers from diversifying their cropping systems as it 
makes them less secure economically, thus trapping farmers into a vicious 
cycle of simplifed cropping systems. For these same reasons, the cost of 
land pressures farmers to ensure maximum proftability (Roesch-McNally 
et al., 2018). Short-term economic pressure hinders adoption of alternative 
crops that may have uncertain or lower immediate returns. Farm production 
has specialized with fewer farms producing both crops and livestock 
(Poffenbarger et al., 2017). The loss of integrated crop-livestock systems 
reduces the opportunity to employ some cropping practices, like pasture or 
forage production (Sanderson et al., 2013). 
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    Figure 6 Transitions to diversifed farming systems depend on confronting the set of 
positive feedbacks that reinforce cropping system simplifcation. Effective intervention 
points include removing public policies that support simplifcation and creating policies 
that support diversifcation (step 5), as well as reimagining multistakeholder collaborations 
to create effective diversifed farming systems (step 6). From Mortensen and Smith, 2020. 

Market forces are shaped by regulatory policies. Antitrust laws and policies 
to counteract concentrations of corporate power in seed, equipment, and 
agrochemical companies can be strengthened to enhance farmer choices, 
improve farmer’s economic outlook (e.g. through more competition among 
companies), and reduce vulnerabilities in supply chains (Blesh et al., 2023). In 
the United States, the structure of federal policies, including biofuel mandates 
and crop insurance programs, currently favors simplifed cropping systems. 
The biofuel mandate guarantees a demand for corn and soybean (de Gorter 
et al., 2015), with higher corn prices favoring cropping system simplifcation 
(Pates and Hendricks, 2021). The availability of crop insurance can create a 
moral hazard that perversely incentivizes farmers to take more risks and use 
more intensive management practices knowing that they will be compensated 
if they experience crop loss (Jørgensen et al., 2020). 
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8.2 Transforming a barrier into an innovation: valuing risk 
reduction in diversifed cropping systems 

The costs of climate risks to crop production are potentially enormous, from 
extreme weather leading to farm bankruptcies (Garrido and Gómez-Ramos, 
2000; Ding et al., 2011; Kingwell and Payne, 2015; Newton, 2020) to sudden 
increases in food prices that increase food insecurity. Costs of climate risks also 
affect the agricultural sector more broadly: production risks associated with 
adverse weather conditions are the top risk affecting agricultural lenders in 
the United States (Offce of the Comptroller of the Currency, 2018). Costs of 
stressful weather are also a strain on taxpayers through the public institutions 
designed to protect farmers’ livelihoods, such as crop insurance. In the United 
States alone, the cost of crop insurance indemnity payouts has increased by 
over 500% since the early 2000s due mainly to weather-related losses, reaching 
$19B in 2022, the most expensive year on record for crop insurance payouts 
(Schechinger, 2023). These costs are expected to continue growing as climate 
change progresses (Li et al., 2022), with annual probabilities of insurance claims 
from yield losses expected to more than double by mid-century compared to 
simulations without climate change projections (Pottinger et al., 2025). 

Public and private sector policies structuring crop insurance and lending 
do not directly value risk reduction and do not reward farmers for changing 
their production systems to reduce vulnerability to weather hazards. Yet within 
these same insurance and lending sectors lie opportunities for incentivizing and 
rewarding farmers for changes to management that reduce production risks 
associated with adverse weather events. However, the individual and societal 
value of risk reduction has rarely been quantifed in agricultural systems, much 
less passed on to farmers. Substantial opportunity for capturing the value 
of risk reduction exists in the enormous agricultural lending and insurance 
marketplace. In 2018, the volume of the U.S. banking industry’s loans to farms 
and ranches reached $186 billion (American Bankers Association, 2018), while 
the federal government subsidized crop insurance with over $6 billion in 2020 
and $12 billion in 2022. 

Globally, tools that can accurately assess agricultural risk are needed to 
facilitate lending decisions and insurance policies that support climate-resilient 
transformations of food systems (Millan et al., 2019). The agricultural fnance 
and insurance industries lack information to quantify the specifc ‘current risk 
value’ and additional ‘future risk-mitigation potential’ on any given piece of 
land. Thus, they are prevented from pricing risk accordingly and incentivizing 
farmers to implement practices with known risk reduction and environmental 
benefts. If lenders and insurers had metrics assessing the relative and absolute 
risk mitigation of diversifed cropping systems or other potentially risk-reducing 
practices (e.g. conservation tillage), as well as a spatially explicit understanding 
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(e.g. a GIS tool showing areas of least and greatest beneft) of where these 
benefts are most likely to occur, this information could be translated into 
pricing and terms on loans and insurance policies that more accurately refect 
actual risks. In this way, farmers that use or shift to more diversifed cropping 
systems, or other strategies that reduce risk, could receive fnancial benefts 
derived from the savings they have provided insurers and lenders by reducing 
the probability of indemnity payments or loan defaults. This could help offset 
costs of adoption of these practices (Bowman et al., 2025). Alternatives like 
making insurance conditional on the adoption of risk-reducing practices are 
also possible (Jørgensen et al., 2020) 

8.3 Building the innovations: strategies for diversifed 
cropping systems 

Restructuring policies, developing markets, and creating educational initiatives 
are critical to promoting and supporting diversifed cropping systems. 
This requires collaborative efforts among multiple stakeholders including 
farmers, researchers, advocacy groups, the private sector, and governmental 
organizations (Iles and Marsh, 2012; van Zonneveld et al., 2020). It will also 
require public sector funding for transdisciplinary diversifcation research at feld 
to regional scales to help advance the science and practice of diversifcation 
(DeLonge et al., 2016). 

Financial incentives such as targeted cost-share programs for new 
equipment or farm infrastructure will likely be necessary to overcome the 
initial costs of diversifying as farmers fgure out management changes to 
their cropping systems (Mortensen and Smith, 2020; Blesh et al., 2023). 
Compensating farmers for broadly benefcial ecosystem services such as 
carbon sequestration, water quality, and habitat preservation recognizes the 
vital role farmers play in maintaining ecological health and encourages the 
adoption of cropping practices that beneft both the environment and society 
(Power, 2010). For example, farmers involved in several U.S. state-led incentive 
programs for adoption of cover crops doubled the acreage they cover-
cropped, refecting large increases in statewide cover cropping rates between 
2012 and 2017 (Chami et al., 2023). Cover crop usage remained higher even 
after farmers were no longer enrolled in the programs. 

Markets need to be structured to create enabling conditions for 
diversifcation. The specifc forms of this development will vary across at local, 
regional, and global scales. Locally, diversifcation can be supported through 
direct-marketing (e.g. farmers’ markets, community-supported agriculture) and 
relationships with local grocers (Anderson et al., 2021). To support capacity-
building for diversifed operations at more regional scales, public institutions 
(e.g. schools, jails, hospitals) can prioritize procurement from farms with 
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diversifed cropping systems (Blesh et al., 2023). At national or global scales, 
consumer preferences can support diversifcation through the use of food 
labels or certifcations (Anderson et al., 2021). For example, organic standards 
can create niches for innovation by prohibiting certain synthetic fertilizers and 
pesticides, which in turn can require crop rotations and animal integration to 
create functional systems (Smith, 2006). 

Participatory research, farmer-to-farmer knowledge sharing, and extension 
aimed at facilitation of knowledge networks can empower farmers with the 
knowledge and skills needed for diversifcation (Anderson et al., 2021; Snapp 
et al., 2023). Field days, on-farm demonstrations, and experiential learning 
opportunities can provide valuable insights and encourage the adoption 
of new cropping practices (Darnhofer et al., 2010). Especially important are 
opportunities to develop tacit knowledge allowing farmers to better understand 
how diversifed systems affect the ecological process on their farms (Morgan 
and Murdoch, 2000). 

9 Conclusion and future trends in research 

Restoring cropping system diversity in industrialized agricultural systems 
supports crop yields, multiple metrics of yield stability, and resilience to climate-
related risks. The many underlying mechanisms include complementarity and 
facilitation, benefcial plant-soil feedbacks, and the portfolio effect that operates 
across multiple scales. Diversifed systems also typically enhance ecosystem 
services that can support yields and reduce the need for non-renewable inputs, 
as well as those that beneft society as a whole. However, structural barriers such 
as market constraints and policy disincentives limit the widespread adoption of 
these systems. 

Much of the research on yields and yield stability in diversifed cropping 
systems has focused on how cropping system diversity, represented by various 
metrics (e.g. species or functional richness, rotational complexity), affects key 
indicator crops like corn and wheat. Going beyond simple metrics of diversity 
to derive principles for crop sequencing or pairing in specifc regions will be 
important for designing novel systems (Ewing et al., 2024). Research considering 
multiple aspects of whole diversifed cropping systems is also critical for 
understanding potential tradeoffs. For example, reducing the frequency or 
extent of high-calorie-producing crops in more diversifed systems could 
reduce system-level caloric output, even if yields of these crops are higher in the 
diversifed systems. Yet the prioritization of high-calorie crops has undermined 
human nutrition (iPES Food, 2016; Kennedy et al., 2017) and often feeds biofuel 
production, not people. Relatively few studies have assessed diversifed cropping 
systems in industrialized agricultural systems from the standpoint of healthy 
human diets (Willett et al., 2019), though many studies have linked cropping 
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system diversifcation, nutritional outputs, and food security for smallholders 
(Bezner Kerr et al., 2021). Studies of farm-level net economic impacts are 
particularly important for understanding opportunities for maintaining or 
increasing proftability by reducing input costs (Bowman et al., 2025), offsetting 
inclusion of potentially lower value crops. Only by examining multiple outcomes 
at the whole system level can full understanding of diversifed vs. simplifed 
systems emerge, but such studies remain quite rare (Davis et al., 2012). 

Research is also needed to reduce barriers and support innovations that 
spark transitions to diversifed cropping systems, or at least increase the odds 
of change (Blesh et al., 2023). Capturing the value of risk reduction and passing 
it back to farmers is one area of opportunity to accomplish this goal. Critical 
knowledge gaps exist regarding ‘actuarially sound’ information about when, 
where, and to what extent risk reduction occurs in diversifed cropping systems. 
Such information requires understanding probability distributions of the dollar 
value of production gains (e.g. avoided losses) specifc to cropping practices 
under different weather events. A full picture of the risk-reduction ecosystem 
service requires projecting such distributions for many weather scenarios, 
a selection of climate scenarios, a range of relevant cropping systems, and 
economic scenarios based on realistic levels for market prices and farm 
operating costs. The most realistic picture will emerge when one also accounts 
for volatility and other uncertainties in the prices of inputs and commodities, 
since these are also major risks faced by farmers. 

While cropping system diversifcation has strong potential to reduce climate 
risks to crop yields at a time when such risks are rapidly increasing, resilience 
of agricultural production is only part of what makes for resilient agricultural 
communities and food systems (Altieri, 2023). Diversifying processes across 
multiple dimensions of agri-food systems will be needed to build adaptive 
capacity to climate change (Petersen-Rockney et al., 2021). 

10 Where to look for further information 

• The following articles provide a good overview of some of the key 
ecological principles related to stability, resilience, and diversity in 
agricultural systems. 

• Loreau, M., Barbier, M., Filotas, E., Gravel, D., Isbell, F., Miller, S.J., Montoya, 
J.M., Wang, S., Aussenac, R., Germain, R., Thompson, P.L., Gonzalez, A., 
Dee, L.E., 2021. Biodiversity as insurance: from concept to measurement 
and application. Biological Reviews 96, 2333–2354. doi:https://doi. 
org/10.1111/brv.12756. 

• Peterson, C.A., Eviner, V.T., Gaudin, A.C.M., 2018. Ways forward for 
resilience research in agroecosystems. Agricultural Systems 162, 19–27. 
doi:https://doi.org/10.1016/j.agsy.2018.01.011. 

https://doi.org/10.1111/brv.12756
https://doi.org/10.1111/brv.12756
https://doi.org/10.1016/j.agsy.2018.01.011
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• Urruty, N., Tailliez-Lefebvre, D., Huyghe, C., 2016. Stability, robustness, 
vulnerability and resilience of agricultural systems. A review. Agronomy 
for Sustainable Development 36, 15. doi:https://doi.org/10.1007/ 
s13593-015-0347-5. 

• The Diverse Rotations Improve Valuable Ecosystem Services (D.R.I.V.E.S.). 
Project is a collaboration of North American researchers building a 
database of long-term experiments and a community of practice for 
researchers working on diverse crop rotations and resilience to climate 
change. 

• https://www.drives-network.org/. 
• Bybee-Finley, K. A., Muller, K., White, K.E., Bowles, T.M., Cavigelli, M., 

Han, E., Schomberg, H.H., Snapp, S.S., Viens, F., 2024. Deriving general 
principles of agroecosystem multifunctionality with the Diverse Rotations 
Improve Valuable Ecosystem Services (DRIVES) Network. Agronomy 
Journal 116, 2934–2951. 

• Publications from IPES-Food, the International Panel of Experts on 
Sustainable Food Systems, are an excellent resource for distilling the factors 
constraining and enabling transitions to diversifed farming systems. 

• https://ipes-food.org/. 
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