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Highlights 

 Sustainable agricultural systems need to provide more than just food 

 We analyse the effect of farming system diversification on biodiversity and yield 

 Biodiversity and/or yield benefit in 78% of 764 cases; win-win outcomes in only 23%  

 Probability of a synergy or trade-off is influenced by crop choices and bioclimate 

 More field studies collecting data on multiple outcomes are critically needed 

 

 

Abstract  

To leverage agriculture’s potential to better benefit both people and nature, policymakers need 

clear messages about which farming practices positively impact biodiversity and yields, and when 

trade-offs arise. Existing reviews analyse effects of different agricultural practices on either 

biodiversity or yield, without considering interactions. Here, we applied multinomial and quantile 

regression models to synthesize global evidence of synergies and trade-offs between biodiversity 

and yield, using 764 paired observations (from 43 studies across 18 countries) comparing 

diversified and simplified farming systems. Results show that farmland diversification led to win-

win outcomes for biodiversity and yield in 23% of cases, while a win for biodiversity coupled with 

a loss in yield was the most likely outcome (28% of cases). Yield and biodiversity responses were 

negatively correlated, meaning that diversifying farming systems solely in pursuit of production 

goals is unlikely to lead to markedly better outcomes for biodiversity, or vice-versa. Yet certain 

situations made win-win significantly more likely, including when crop and animal production, or 

multiple diversification practices (e.g., intercropping and cover crops), were combined, when no 

agrochemicals were applied, when diversification occurred in temperate climates, and when 

diversification enhanced below-ground taxa. Win-win was also more likely than lose-lose when 
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biodiversity was measured as richness or richness-evenness, but not abundance, suggesting that 

in certain contexts diversified farming can effectively enhance species diversity while increasing 

agricultural yields. Overall, crop commodity group and bioclimatic location were among the most 

important contextual factors influencing the likelihood of a synergy or trade-off between 

biodiversity and yield, and diversification that accounts for these is less likely to lead to 

unexpected outcomes. Our novel method and up-to-date review show that farmland 

diversification frequently leads to better outcomes for biodiversity and/or agricultural production 

when compared to monocultures and farmland stripped of natural habitat, opening a pathway to 

more sustainable agricultural production.  

Keywords: Systematic review, multinomial modelling, trade-offs, synergies, on-farm 

diversification  
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Introduction  

Globally, agricultural production is a major driver of biodiversity loss now and for the foreseeable 

future (IPBES, 2019; Tilman et al., 2017; Williams et al., 2021; WWF, 2020). At the same time, 

our current food system fails to provide sufficient quantities of nutritious food for everyone (Willett 

et al., 2019). The challenge of safeguarding the world’s biodiversity and closing nutritional gaps 

are interlinked (Aizen et al., 2019), yet are often pursued in isolation (Schmidt-Traub et al., 2019). 

For years, the agriculture sector has sought to increase yields ignoring the consequences for 

biodiversity. Conversely, conservationists have focused on safeguarding wilderness areas and 

largely side-lined interventions on agricultural land. The land-sharing-sparing debate (Kremen, 

2015; Phalan et al., 2012) and the rise of agroecology along with other examples of multi-

objective farming approaches (Coutinho et al., 2018; Garibaldi et al., 2017; Holt et al., 2016; Loos 

et al., 2014; Pretty & Bharucha, 2014; Wezel et al., 2020) have stimulated much dialogue and 

research on how to achieve both agricultural production and biodiversity conservation goals 

(Bezner Kerr et al., 2021; Fastré et al., 2021; Leclère et al., 2020; Mehrabi et al., 2018). Now, 

many have moved past the idea that agricultural land exists solely as a space to maximise yields. 

It is increasingly recognised that agricultural land can and must contribute to multiple 

sustainability objectives beyond food production, for the environmental effects of food systems to 

stay within a safe operating space for humanity (Springmann et al., 2018).  

Diversifying farming systems, through practices such as intercropping, agroforestry, integrated 

crop-livestock management and other approaches that increase primarily domesticated 

biodiversity (Kremen et al., 2012), can benefit non-domesticated biodiversity and multiple 

ecosystem services, including agricultural production (Beillouin et al., 2021; Tamburini et al., 

2020). Yet, the magnitude and direction of (non-domesticated) biodiversity responses varies 

across taxonomic groups (Aguirre-Gutiérrez et al., 2016; Lichtenberg et al., 2017; Öckinger et al., 

2010; Shackelford et al., 2013), bioclimatic factors (Millard et al., 2021), diversification practices 

(Beillouin et al., 2021; Tamburini et al., 2020), crop habitat characteristics (Pumariño et al., 2015; 

Shackelford et al., 2013), agrochemical applications (Beckmann et al., 2019; Gonthier et al., 
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2014; Ridding et al., 2020; Tuck et al., 2014; Woodcock et al., 2016) soil tillage practices (de 

Graaff et al., 2019) and surrounding landscape complexity (Sánchez et al., 2022). The magnitude 

and direction of yield responses to farming system diversification also vary with several 

contextual factors, including diversification practices (Beillouin et al., 2021; Rosa-Schleich et al., 

2019; Tamburini et al., 2020), crop traits (Reiss & Drinkwater, 2018), agrochemical applications 

(Beckmann et al., 2019; Ponisio et al., 2015; Tscharntke et al., 2021), pedoclimatic factors (Reiss 

& Drinkwater, 2018) and farm size (Delvaux et al., 2020; Ricciardi et al., 2021).  

While some contextual variables are known to influence effects of agricultural practices on both 

biodiversity and yield (e.g., agrochemical applications), these variables do not necessarily have a 

synergistic positive or negative influence. Situations that favour or maximize biodiversity can 

sometimes have negative effects on agricultural productivity (Gong et al., 2022), and vice-versa 

(Abdi et al., 2021; Beckmann et al., 2019). Knowing how biodiversity and yields covary can help 

identify ways to diversify farmland with synergistic positive impacts for biodiversity and yields, and 

when trade-offs are likely. Several previous reviews have analysed effects of agricultural 

practices where biodiversity and yields were not necessarily collected at the same control and 

treatment sites (Beillouin et al., 2021; Niether et al., 2020; Tamburini et al., 2020). This is 

problematic because obtaining positive mean effects from two independent meta-analyses does 

not necessarily imply that there is a positive interaction between biodiversity and yield, since 

positive responses may be linked to differences in soil type, crop arrangements, or management, 

or based on experiments specifically dedicated to increasing one of the two variables. 

Surprisingly few global reviews quantitatively assess effects of agricultural practices on 

biodiversity and yield from studies that measured effects for both variables using the same 

control-treatment pairs. A notable exception is Beckmann et al. (2019), who synthesized 115 

studies analyzing yield and biodiversity simultaneously. They found that transitioning from low 

intensity farming practices (e.g., no synthetic inputs used, crop rotation) to high intensity practices 

(e.g., monoculture, chemical inputs used) was associated with an overall gain in yield and loss in 

biodiversity in terms of species richness. Yet the Beckman et al. (2019) review was dominated by 

experiments in timber production systems, and by intensification that involved an increase in 
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energy, labour, or agrochemical inputs, and not necessarily any change in biological diversity. 

This means their dataset cannot be used to understand biodiversity and yield outcomes of 

different farmland diversification pathways.  

A review of experiments reporting the effects of farmland diversification on both biodiversity and 

yield across various systems and regions is needed to better understand potential synergies and 

trade-offs between these outcomes. This analysis could help uncover opportunities and pitfalls for 

designing interventions that contribute to both agricultural production and biodiversity 

conservation goals (Ortiz et al., 2021). In this paper, we analyzed local non-domesticated 

biodiversity and agricultural yield responses to farmland diversification, using a published 

database of field experiments that measured biodiversity and yield responses simultaneously in 

diversified treatments and simplified controls (Jones et al., 2021).  We seek to address one core 

question: When is increasing farming system diversity most likely to have a positive effect on 

biodiversity and yields, and when are trade-offs likely? To answer this question, we explore how 

the direction (positive, neutral, or negative), significance, and magnitude of biodiversity and yield 

responses covary across sites differentiated by diversification practice, crop type (woodiness, life 

cycle) and commodity, agrochemical use, bioclimatic and geographic region, biodiversity 

organisms assessed, and biodiversity and yield metrics used.  

Materials and methods  

Database on the effects of farming system diversification 

The data used here represent a subset of a published dataset of the effect of diversified farming 

on terrestrial biodiversity and/or agricultural yields (Jones et al., 2021). In this subset, diversified 

farming systems are those that aim to increase diversity on-farm at multiple temporal and/or 

spatial scales, such as through the association of different plant species, or different 

varieties/cultivars of crop, or the integration of livestock or fish production with crop production 

(Table 1). The studies included in the subset were identified through a systematic literature 

search in Scopus and Web of Science last updated on 5 January 2021 (Appendix A: Table A.1), 
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following a pre-established protocol (Sánchez et al., 2021). All primary articles directly retrieved 

through the search were screened, together with primary articles listed in all meta-analyses 

retrieved through the search, and 20 articles identified through other sources (Jones et al., 2021). 

To be included in the present paper, articles had to meet the inclusion criteria described in 

Appendix A (Table A.2), notably to report quantitative responses for both (non-domesticated) 

biodiversity and yield, including means, sample sizes and variance measures. Articles needed to 

report responses collected using comparable approaches in a diversified farming system and a 

simplified control, with the latter representing either a monoculture or a farming system with an 

absence of embedded natural vegetation. In the case of intercropped treatments, the article must 

have provided sufficient data to enable calculation of the land equivalent ratio as a measure of 

yield (see Appendix A: Supplementary Methods).  

The resultant dataset used in this paper includes information from 43 articles reporting 

biodiversity and yield responses collected through field experiments in the same diversified and 

simplified farming systems and paired for analysis (see Appendix A: Fig. A.1 for an overview of 

the literature search and screening steps, and Table A.3 for a list of included articles). For each 

comparison of diversified farming systems relative to a simplified control, information on 

biodiversity and yield were extracted pertaining to the population, intervention, comparator, 

outcome, and context (PICOC) (Appendix A: Table A.4). We classified information in the 

database to group cases (i.e., pairs of biodiversity and yield responses collected in the same 

control and treatment sites) by farming practice (control: simplified farming; treatment: 

agroforestry, associated plant species, crop rotation, cultivar mixtures, embedded natural 

features, intercropping, and combined practices – see Table 1), crop type (woodiness and life 

cycle), crop commodity (according to FAO commodity groups), agrochemical inputs (pesticide 

and fertiliser use), biodiversity organism assessed (taxonomic, functional, and ground-relation 

group, where the latter distinguished whether the organism was surveyed above or below 

ground), continent, latitude, and bioclimatic location (Appendix A: Table A.5). We classified 

metrics used to assess biodiversity into three categories: abundance, richness, and richness-

evenness. Abundance represented the number of individuals, the colonization percent (for fungi), 
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or the area under disease progress curve (for fungi). Richness represented the number of 

different species measured directly or using the Chao1 Index. Richness-Evenness represented 

indices that combined measures of richness and evenness and included the Shannon Diversity 

Index, Simpson’s Reciprocal Index, Simpson’s Dominance Index, and the Pielou Index. For yield, 

metrics included the land equivalent ratio (see Supplementary Methods), mass per area (e.g., kg 

per hectare), mass or count per plant or plant part (e.g., kg grape per vine, apples per branch) or, 

for a few vegetable crops, above-ground biomass (e.g., whole dry plant weight) (Appendix A: 

Table A.5).   

Assessing the likelihood of synergies and trade-offs – accounting for direction 

For each control-treatment pair, we used log response ratios (log-RR) (Borenstein et al., 2009) to 

quantify the mean effect of farmland diversification on biodiversity and yield, separately. Zero 

mean values were adjusted by adding 0.01 to allow computation of log-RR. Then, each pair of 

biodiversity (B) and yield (Y) effect sizes was classified into one of five outcome categories, 

based only on the direction of the effect sizes (positive, neutral, or negative):  Win B-Win Y, Win 

B-Lose Y, Lose B-Win Y, Lose B-Lose Y, or Other. Win B-Win Y was assigned when effects were 

positive for both biodiversity (B) and yield (Y); Win B-Lose Y, when effects were positive for 

biodiversity, and negative for yield; Lose B-Win Y, when effects were negative for biodiversity, 

and positive for yield; Lose B-Lose Y, when effects were negative for both outcomes; and Other 

when effects were neutral (equivalent in the control and treatment sites) for biodiversity and/or 

yield.  

Intercept-only multinomial models were applied to assess the likelihood of a Win B-Win Y, Win B-

Lose Y, Lose B-Win Y, or Other outcome, relative to a Lose B-Lose Y outcome. Multinomial 

models compute the probability of a specific outcome, relative to the probability of a reference 

outcome, based on the number of cases in each outcome category. Model estimates represent 

log odds (η), meaning the relative likelihood on a logarithmic scale (Hilbe, 2009). The models are 

similar to logistic regression models with a multinomial instead of binomial probability distribution 

(Hilbe, 2009). The Lose B-Lose Y outcome was used as the reference in the intercept-only 
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models. We report log odds transformed into relative risk ratios (RRR) to ease interpretation (i.e., 

RRR = exp(η)) (Hilbe, 2009). RRR is an estimate of the change in odds of one outcome relative 

to another, given a one unit increase in the predictor. For example, if RRR = 1.11 for a Win B-

Lose Y outcome calculated from an intercept-only model using lose-lose as the reference, this 

means that a Win B-Lose Y outcome is 1.11 times (or 11%) more likely than lose-lose in a 

diversified relative to a simplified farming system. The intercept-only model was fitted to all cases 

and to cases subset by biodiversity metric (abundance, richness, richness-evenness).  

We fitted univariate multilevel multinomial models to test whether the following ecological and 

agronomic variables influenced the log odds of each paired biodiversity-yield outcome: 

agrochemical use, biome, latitude, continent, crop commodity, crop type, diversification practice, 

yield measure, and biodiversity organism taxonomic group, pest group, ground relation, and 

measure. The maximum likelihood estimator was used, which can lead to very large or non-finite 

estimates and large confidence intervals when there are empty cells or very small sample sizes 

(Devika et al., 2016; Kosmidis & Firth, 2021). To reduce this problem, we grouped classes with 

<5 samples into broader categories during data classification (e.g., nuts and stimulants, within the 

crop commodity variable), and models were fitted after ensuring no empty cells in the reference 

category across variable levels. Univariate models were fitted using Lose B-Lose Y as the 

reference, except for variables with no Lose-B-Lose Y outcomes in one or more variable class 

(i.e., diversification practice, taxonomic group, and crop commodity). For these variables, when 

another outcome category had complete data (no empty classes), this was used as the reference 

category (e.g., for taxonomic group, Win B-Lose Y was used as the reference). Otherwise, the 

model was fitted using Lose B-Lose Y as the reference. For diversification practice, the data 

supported fitting a second model including only the removed cases and setting the reference 

category to Win B-Lose Y. Fitting a second model for removed cases was not possible for crop 

commodity due to incomplete data across all reference categories. The data did not support 

multivariate analysis since, with many categorical predictors, combining two or more variables 

introduced many empty cells and small class sizes.  
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Two complementary methods were applied to explore the importance of each variable in 

determining synergies and trade-offs between biodiversity and yield outcomes. First, likelihood 

ratio tests were used to assess whether adding the variable to the multinomial model led to a 

significant reduction in unexplained variance compared to the intercept-only model. Significance 

was assessed using a cut-off of p = 0.05, correcting p-values to account for multiple testing using 

the Bonferroni method (p-value x number of variables tested). Second, we used randomForest 

(Breiman, 2001) to account for non-linear interactions among variables. RandomForest 

bootstraps the data iteratively and randomly selects variables on which to split each node, used 

here to grow 10,000 predictive and testing trees. Variable importance was measured as the 

average mean decrease in outcome classification accuracy for data classified after versus before 

splitting on a variable. We compared results to the likelihood ratio tests to identify which variables 

were consistently identified as important predictors of synergies and trade-offs across both 

methods.  

Multiple biodiversity-yield effect size pairs in our database were non-independent because they 

were sourced from the same studies, and/or from experiments where treatments shared a control 

plot, and/or from multiple experiments in the same control and treatment plots (e.g., representing 

different taxonomic or functional groups, collected using different biodiversity metrics, or collected 

in repeat surveys within or across years). In addition, yield effect sizes were often paired with 

multiple biodiversity effect sizes, representing different organisms, metrics, or sampling points 

within the same cropping season and study. Effect sizes can be pooled within studies to reduce 

dependencies but this results in a large loss of information (López-López et al., 2018). 

Alternatively, random effects can be added into a hierarchical model structure to explicitly account 

for possible variance due to repeat measures and other sources of dependencies between effect 

sizes (Cheung, 2019; Konstantopoulos, 2011; Van den Noortgate et al., 2014). We included 

numeric identifiers for each study (published article) and for each case (unique biodiversity-yield 

effect size pair) as nested random effects in all of the multilevel multinomial models to account for 

dependencies between and within studies (Assink & Wibbelink, 2016; Van den Noortgate et al., 

2013).  
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Assessing the likelihood of a synergy and trade-off – accounting for direction and 

significance 

To assess whether the predicted likelihood of a synergy or trade-off changed when accounting for 

both direction and significance of biodiversity and yield effect sizes, we selected Win B-Win Y, 

Win B-Lose Y, Lose B-Win Y and Lose B-Lose Y outcomes for which both effects were significant 

(at the 5% level) and classified all other outcomes as non-significant. We refitted the intercept-

only multinomial models using this alternative outcome classification and compared the likelihood 

estimates against those obtained when classifying outcomes solely based on direction.  

Assessing the co-variance of biodiversity and yield effect sizes 

Classifying outcomes according to direction and significance of effect sizes is akin to vote 

counting, which is widely used but also widely criticized. Vote counting can lead to incorrect 

conclusions by giving equal weight to all effect sizes (ignoring sample size and effect size 

magnitude) and lacking statistical power (Bushman, 2009; Harrison, 2011). Multinomial models 

overcome one key shortcoming of vote-counting, by providing an estimate and confidence 

intervals for the odds of each outcome rather than just identifying which outcome occurs most 

frequently (Arslan et al., 2022; Bushman, 2009). They do not, however, account for sample size 

or magnitude of effect sizes.   

We complement the multinomial analysis with an analysis of how paired biodiversity-yield effect 

sizes covary, using a mixed effects quantile regression model. Quantile regression characterizes 

the distribution of a response variable at multiple predictor values and not only the mean as in 

conventional regression. It is therefore relatively robust to outliers and to non-parametric error 

distribution (Morales & Lachos, 2015). The regression model included biodiversity effect sizes as 

the response, yield effect sizes as fixed effects, and study and case identifiers as nested random 

effects. The model was fitted while setting the maximum iterations to 200 and number of Monte 

Carlo simulations to 10. The regression model was applied to all cases and to cases separated 

by biodiversity metric (abundance, richness, richness-evenness). 
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Sensitivity analysis  

A lack of internal validity within experiments can reduce the quality of synthesis studies. Internal 

validity refers to whether it is reasonable to attribute effects observed in an experiment to the 

independent variable being tested (in this case, farming system diversification) and that the 

effects are not influenced by unrepresentative sampling, inappropriate controls, or another type of 

experimental bias (Boutron et al., 2019). Following Sánchez et al. (2021), we classified 

experiments as potentially biased if at least two of the following conditions were either met or 

could not be determined (insufficient information provided): i) the control or treatment sample size 

was very small (<5), ii) the control and treatment sites were further than 1 km apart, and iii) the 

control or treatment had been in its experimental state for <1 year (Appendix A: Table A.6).  

We tested the robustness of modelled estimates of the probability that farmland diversification 

results in a Win B-Win Y, Win B-Lose Y or Lose B-Win Y outcome, relative to Lose B-Lose Y, by 

running the intercept-only multinomial models after removing potentially biased effect sizes. If the 

direction and significance of the model results were unchanged, the results were considered 

robust. We similarly tested the robustness of the quantile regression model results by removing 

potentially biased effect sizes. If the slope representing the expected effect on biodiversity given 

the median value of yield was unchanged, the results were considered robust. 

Code and data availability  

Statistical analyses were performed in R (R Core Team, 2021) using the metafor (Viechtbauer, 

2010), QRLMM (Morales & Lachos, 2015), nnet (Venables & Ripley, 2002) and randomForest 

(Breiman, 2001) packages. The dataset was sourced from (Jones et al., 2021). The R code is 

available at: https://github.com/skatejones/SustainableFoods.  

Results  

The dataset used for this analysis included 764 cases (experiments simultaneously measuring 

biodiversity and yield in diversified and simplified farming systems) from 43 studies, distributed 
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across 18 countries (Fig. 1). North America was the best represented region (53.3% of cases), 

followed by sub-Saharan Africa (15.7%), Asia (15.3%), Europe (11.4%), and Latin America and 

the Caribbean (4.3%). Across biomes, tropical and subtropical grasslands (biome names 

modified slightly for analysis, see Appendix A: Table A.5) had the largest share of cases (41.8%), 

and together boreal, montane and desert biomes the least (3.9%). 

Trade-offs are slightly more common than synergies 

Based on the direction of effect sizes, we found that win-win outcomes for biodiversity (B) and 

yield (Y) occurred in 23% of cases (Fig. 2) and were not statistically more likely than lose-lose 

(RRR = 1.02, p = 0.668) (Fig. 3, Appendix A: Table A.7). Diversification most frequently resulted 

in Win B-Lose Y (28% of cases) and this outcome was 11% more likely than lose-lose (RRR = 

1.11, p = 0.036). The inverse, where yields benefit but biodiversity does not, occurred in 21% of 

cases and was not significantly more likely than lose-lose (RRR = 0.96, p = 0.472). In a minority 

of cases (6%), diversification resulted in an ‘Other’ outcome involving no effect on biodiversity 

coupled with a variable effect on yield, and this outcome was almost half as likely as lose-lose 

(RRR = 0.53, p < 0.001). Win B-Lose Y remained significantly more likely than lose-lose after 

removing potentially biased cases (Appendix A: Fig. 2) and when classifying outcomes based on 

both the direction and significance of effect size pairs (Appendix A: Fig. 3). The likelihood of a 

Lose B-Win Y outcome shifted to significantly less likely than lose-lose when potentially biased 

effect sizes were removed suggesting that, in general, farming system diversification is unlikely to 

benefit only yield (Appendix A: Fig. 2). 

Increases in richness and evenness of biodiversity are likely to coincide with increases in 

yield  

Sub-setting the dataset by biodiversity metric altered the likelihood of finding a synergy or trade-

off for biodiversity and yield. Results show that diversification was significantly more likely to lead 

to synergistic gains for biodiversity and yield, compared to loses for both, when biodiversity was 

measured as species richness (RRR = 1.61, p = 0.010) or richness-evenness (RRR = 2.14, p = 
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0.002) (Fig. 3, Appendix A: Fig. A.4 and Table A.7). In contrast, synergistic outcomes and trade-

offs were equally likely when biodiversity was measured in terms of abundance.  

Likelihood of a synergy or trade-off depends on agronomic and ecological context 

We found that several contextual factors strongly influence the likelihood that diversification 

benefits biodiversity and/or yield. Crop commodity and biome were consistently identified as 

important determinants of whether synergies or trade-offs occurred, across both methods used to 

assess variable importance (Appendix A: Fig. A.5 and Table A.8). Crop type, diversification 

practice, agrochemical use, latitude, continent, and pest group, were identified as important by a 

single method, while taxonomic group, ground relation, biodiversity metric, and yield metric 

consistently had a smaller influence. The relatively small influence of biodiversity metric on overall 

likelihoods, despite evidence of variation in likelihoods across abundance, richness, and richness-

evenness (Fig. 3), indicates that other variables explain a larger proportion of the variability in 

outcomes. For this reason and given the small sample sizes in the richness and richness-

evenness datasets (i.e., <10 cases in the Lose B-Win Y and Other outcome categories), 

subsequent analyses were conducted on the dataset containing all cases.  

In temperate forest and Mediterranean biomes, win-win was the most likely outcome of farming 

system diversification and was, respectively, 3.55 (p < 0.001) and 4.61 (p < 0.001) times more 

likely than lose-lose (Fig. 4, Appendix A: Table A.9). While win-win was the most likely outcome in 

temperate forests, diversification was also 2.47 (p < 0.001) times more likely to lead to gains in 

biodiversity and losses in yield, compared to losses in both. In tropical and sub-tropical forests, 

diversification was most likely to benefit only yield, and this outcome was 4.28 (p < 0.001) times 

more likely than lose-lose. The tendency for positive biodiversity and yield responses in 

temperate environments and losses to biodiversity in tropical was broadly consistent with the 

modelled effect of latitude on relative likelihoods. The likelihood of a win-win outcome increased 

(RRR = 1.05, p < 0.001), while the likelihood of a Lose B-Win Y decreased (RRR = 0.99, p = 

0.022), with latitude (Fig. 5). This may reflect that the potential for diversification to improve 

ecosystem functioning depends on inherent ecosystem characteristics (such as soil fertility, 
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surrounding landscape complexity), climate, and land use histories (e.g., conversion to 

agriculture).  

Regional differences in ecosystem characteristics and climate may in part explain the variation in 

estimated likelihoods across continents. In Asia, win-win outcomes were more likely than any 

other outcome (RRR = 18.96, p < 0.001), while trade-offs were also more likely than lose-lose (for 

Win B-Lose Y: RRR = 4.09, p = 0.02, and for Lose B-Win Y: RRR = 9.76, p < 0.001) (Appendix A: 

Fig. A.6A and Table A.9). In contrast, win-win was as equally likely as lose-lose in Europe, and 

less likely than lose-lose in Africa (RRR = 0.41, p = 0.004) and the Americas (RRR = 0.27, p < 

0.001). In Africa, Lose B-Win Y was the most likely outcome (RRR = 2.15, p = 0.005), which may 

in part be linked to the large yield gaps prevalent on the continent.    

Among diversification practices, win-win outcomes were the most common outcome in systems 

diversified through combined practices, such as integrated crop-fish systems, or intercropping 

and cover crops in the same plot (75% of 24 cases, RRR = 2.65, p = 0.018, relative to Lose B-

Win Y) (Fig. 6, Appendix A: Table A.9). Trade-offs with benefits only for yield were over 6 times 

more likely than a lose-lose outcome in intercropped systems (RRR = 6.18, p < 0.001) (Fig. 6, 

Appendix A: Table A.9). In contrast, trade-offs where only biodiversity benefits, was the most 

likely outcome in systems embedding natural habitat and were nearly twice as likely as a lose-

lose outcome (RRR = 1.79, p = 0.019).   

The log odds of a win-win outcome were comparable across crop commodities, and across crops 

with different woodiness and life cycles (i.e., win-win remained as equally likely as lose-lose), 

whereas the likelihood of a trade-off varied across cropping systems. Trade-offs where only yield 

benefits were the most likely outcome of diversification in vegetable crops and 66 times more 

likely than lose-lose (RRR = 65.89, p < 0.001) (Appendix A: Fig. A.6B and Table A.9). The 

opposite, where only biodiversity benefits from diversification, was the most likely outcome in fruit 

cropping systems (RRR = 2.38, p = 0.002), where fruits represented solely woody plants (grape, 

blueberry, apple and cherry). Diversification of annual herbaceous was most likely to lead to a 

Lose B-Win Y outcome, relative to lose-lose (respectively, RRR = 81.16, p = 0.007) (Appendix A: 
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Fig. A.6C and Table A.9), whereas diversification in tree systems was most likely to lead to a Win 

B-Lose Y, occurring in 50% of cases (RRR = 3.34, p < 0.001).  

Removing agrochemicals increased the likelihood of synergistic positive biodiversity and yield 

responses. Win-win was the most likely outcome (39% of 104 cases) when diversification 

happened in systems with no agrochemical use (RRR = 2.40, p < 0.001), whereas diversification 

where agrochemicals were applied was most likely to lead to a gain in yield and a loss in 

biodiversity (RRR = 1.45, p = 0.040) (Appendix A: Fig. A.6D and Table A.9). Gains in yield were 

less likely when yield was measured in terms of mass per area, such as tons per hectare, and 

more likely when yield was measured in terms of land equivalent ratio (used for intercropping 

only) or biomass (vegetable crops only) (Appendix A: Fig. A.6E and Table A.9). This may reflect 

that some diversification practices, such as embedding natural habitat, agroforestry, and use of 

associated plant species, can reduce productive area and introduce pests (in addition to 

pollinators and biological controls) with variable effects on yield. It may also reflect that the 

dominant metric for measuring yields (mass per area) captures only part of the production value 

and complementary measures are needed to capture the missing elements, e.g., whole 

production value (which includes LER), yield stability, food quality, and nutritional value.  

Our results suggest that synergistic positive outcomes for agricultural production and biodiversity 

are easier to find below ground, likely related to increases in soil biodiversity benefiting soil health 

and fertility. Across biodiversity taxonomic groups, diversification was most likely to result in win-

wins when soil micro-organisms were the target organism, such as bacteria (71% of cases, RRR 

= 4.84, p < 0.001, relative to Win B-Lose Y) and fungi (80% cases, RRR = 10.88, p < 0.001, 

relative to Win B-Lose Y) (Appendix A: Fig. A.6F, Table A.9). Related to this, gains for 

biodiversity, yield, or both, were all more likely than lose-lose, when biodiversity represented 

below-ground taxon, and all less likely than lose-lose when biodiversity represented above-

ground taxon (Appendix A: Fig. A.6G and Table A.9). A Lose B-Win Y outcome was more likely 

than lose-lose when the target organism was a crop pest (RRR = 2.35, p < 0.001), and less likely 

when it was not a crop pest (RRR = 0.44, p < 0.001) (Appendix A: Fig. A.6H and Table A.9). This 
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result reflects that reduced abundance and diversity of pests are associated with gains in yield 

and suggests that diversification could effectively reduce crop pests.   

Biodiversity and yield covary under farmland diversification 

Mixed-effects quantile regression showed a weak negative relationship between biodiversity and 

yield responses to diversifying farming systems at the median (-0.002 - (0.18 * yield), p = 0.001, 

where p relates to the certainty around the slope estimate), meaning that for every 1% increase in 

yield, biodiversity decreases by 0.18% (Appendix A: Fig. A.7 and Fig. A.8). This result was robust 

to the removal of potentially biased effect sizes (0.06 – (0.18 * yield), p = 0.001) (Appendix A: Fig. 

A.9). The negative relationship was stronger at higher quantiles, meaning larger yield increases 

were associated with stronger declines in biodiversity. While the weak negative relationship was 

present and significant at nearly all quantiles when biodiversity was measured as abundance, 

there was a slightly positive but non-significant (i.e., high uncertainty around the slope estimates) 

relationship at most quantiles when biodiversity was measured as richness, and a slightly 

negative but non-significant relationship when biodiversity was measured as richness-evenness. 

This suggests that when yields increase, species abundance decreases while effects on richness 

and evenness are unpredictable when no attention is paid to contextual factors.  
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Discussion 

This study represents the largest global analysis to date of biodiversity and yield responses to on-

farm diversity based on data collected from the same control-treatment pairs. It is the first to 

consider interactions between biodiversity and yield and the probability of synergies and trade-

offs in different agronomic and ecological contexts.  

Targeting interventions to maximize synergies  

We found that diversified farming systems lead to gains in biodiversity and/or yield in 80% of 

cases, adding to the body of evidence showing that diversification can provide benefits for nature 

and people (Beillouin et al., 2021; Rosa-Schleich et al., 2019; Tamburini et al., 2020). While some 

reviews suggest there is a strong potential for synergies between agronomic and ecological 

outcomes (Rosa-Schleich et al., 2019; Tamburini et al., 2020), in our study, synergistic positive 

outcomes for biodiversity and yield happened in less than a quarter of cases. One reason for this 

divergence may be that we focused solely on biodiversity and yield, and synergies may be easier 

to find when other or broader sets of ecological or agronomic outcomes are considered. For 

example, most of the synergistic outcomes in Tamburini et al. (2020) were between soil nutrient-

related ecosystem services and yield. 

While synergies between biodiversity and yield outcomes are not always possible, our results 

show they are the most likely outcome when combined diversification practices are used (e.g., 

integrated crop-livestock or crop-fish systems, or cover crops and intercropping employed 

together), no agrochemicals are applied, and in certain regions such as in Asia, or milder 

climates. Combining practices, for example intercropping and adding flower strips, or integrated 

crop-fish systems, are among the most promising of diversification strategies, leading to gains in 

both biodiversity and yield in 75% of cases in our study. This finding is consistent with previous 

studies (Beillouin et al., 2019; Rosa-Schleich et al., 2019) and may reflect that more complex 

vertical and horizontal arrangements better mimic natural habitat, thus enhancing ecological 

functioning and associated benefits (Boincean & Dent, 2019; Wilson & Lovell, 2016). Cases 
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involving combined practices in our study were from experiments in the temperate forest biome 

(Appendix A: Fig. A.10) and further research is needed to confirm the effect for other regions. 

Regarding agrochemicals, our results show that zero use of pesticides and chemical fertilizers 

increases the likelihood that diversification has synergistic positive effects on biodiversity and 

yields, while applying agrochemicals is more likely to lead to yield gains and biodiversity losses. 

Many previous studies show that agrochemicals, and pesticides in particular, are associated with 

steep declines in species numbers (Sánchez-Bayo & Wyckhuys, 2019), including bees 

(Woodcock et al., 2016), birds and wild plants (Geiger et al., 2010). Removing agrochemicals will 

help halt these declines, and our results suggest coupling this with in-field diversification can 

safeguard and even increase yields. Where yield losses occur, evidence shows that 

diversification can help close yield gaps between organic and conventional farms (Ponisio et al., 

2015) enabling farmers to maintain high yields while removing harmful chemicals from agricultural 

systems.  

Across biomes and, across tropical to temperate latitudes, we found that positive synergies are 

the most likely outcome of on-farm diversification in Mediterranean and temperate biomes, while 

trade-offs are more likely in tropical and sub-tropical biomes mainly at the expense of yield. This 

result could be driven by a mix of environmental, climatic, and methodological factors. For 

example, not all diversification strategies are effective at boosting yields in regions where low soil 

fertility is a major limiting factor, as is common in tropical arable fields (Jeffery et al., 2017). This 

may explain the lack of yield gains under farmland diversification for experiments in the tropical 

grassland biome in our study. Here, boosting yields may require actions to improve soil fertility, 

such as intercropping with legumes, using nitrogen-rich cover crops, adding biochar and manure. 

The frequent positive biodiversity response to farmland diversification in temperate and 

Mediterranean biomes in our analysis may reflect bioclimatic differences in community 

composition and habitat dependencies of non-domesticated biodiversity. For example, in certain 

parts of the tropics, species may be at the limits of thermal tolerance (Sunday et al., 2014) and 

changes to vegetation cover on agricultural land, particularly if this does not add new shade 

cover, may not provide sufficient reprieve for these species (Williams et al., 2020). Land use 
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history and current landscape complexities may also play a role and could also partly explain the 

variation in outcomes across continents. Evolutionary processes may not yet have had time to 

affect species assemblages in the relatively recently converted, more complex agricultural 

landscapes, in tropical regions (Hurtt et al., 2011), whereas species may be better adapted to the 

more simplified agricultural landscapes and to land use changes in regions where conversion to 

agriculture happened many centuries ago (Newbold et al., 2020). Different responses across 

biomes, continents, and latitudes, for both biodiversity and yield, may also reflect that the 

experiments in our database do not capture all diversification practices in every region and the 

included practices may not be the most effective at driving positive responses for the crops and 

taxon represented. For example, there were no experiments in our database on the effects of 

embedding natural vegetation on-farm in the tropical forest biome, and an absence of farms 

cultivating tree or perennial shrubs crops in the tropical forest and grassland biomes (Appendix A: 

Figure 9). 

Trade-offs are often minimal and careful planning and whole system accounting may make 

them reversable 

In our study, trade-offs (Win B-Lose Y or Lose B-Win Y) occur in 44% of cases yet less than half 

of these (20.2% of all cases) were associated with significant changes in both biodiversity and 

yield. This means that improvements in biodiversity often have either negligible or uncertain 

effects on yield, and vice-versa. Given the risk of significant losses is low, and there are 

numerous potential co-benefits of diversification for people and nature (Beillouin et al., 2021; 

Frison & Clément, 2020; Kremen et al., 2012), this result strongly suggests that diversification of 

farming systems is a better strategy than monocropping and other simplified farming approaches, 

for shifting towards sustainable production systems.  

Trade-offs in our study involving yield losses were very likely when embedding natural habitat on-

farm (e.g., hedgerows, flower strips, introducing fallow periods), which positively affected 

biodiversity in 65% of cases but with yield losses in over two-thirds (71%) of these cases. 

Additionally, trade-offs where only biodiversity benefits were also very likely, happening half of the 
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time, when diversifying tree cropping systems through agroforestry or, associated plant species 

or embedded natural. However, only main crop yields were accounted for in the experiments in 

agroforestry systems and, while the number of cases was small (10 out of 70 cases), collecting 

whole system yields may reveal more win-win outcomes. Therefore, our data suggest that taking 

action to halt biodiversity loss at the farm level needs better measurements of the overall system 

performance (i.e., beyond main crop yield) and to consider the contributions to biodiversity at the 

landscape level (Estrada-Carmona et al., 2022; Sánchez et al., 2022). Embedding natural habitat 

at the farm and landscape level is recognized as globally important for maintaining healthy 

ecosystem functioning (Garibaldi et al., 2020). 

Enhancing farm and landscape outcomes through multi-objective planning  

Conservation of biodiversity requires integrated solutions that improve conditions on-farm while 

safeguarding and restoring natural and semi-natural vegetation off-farm (Locke et al., 2019; 

Mokany et al., 2020). Our results show that diversified farming is highly likely to benefit 

biodiversity in certain situations, yet in others the benefits are not guaranteed. For example, 

diversification through intercropping increased yields in 86% of cases, while biodiversity benefited 

in only 39% of cases. This may reflect that while combining two or more crops can increase land 

productivity due to more efficient and complementary use of space and resources (Ponisio et al., 

2015; Snyder et al., 2020), this does not necessarily improve ecological functioning or associated 

biodiversity if the crops have similar ecological traits (e.g., flowering stage and duration, canopy 

structure) (Wood et al., 2015). It also suggests that shifting to diversified farming systems to 

pursue production goals in isolation will not necessarily benefit biodiversity. Therefore, halting the 

erosion of existing diversified, often smallholder, farms and incentivizing a transition to more 

sustainable agricultural systems elsewhere will require repurposing policies, subsidies and 

investments to encourage and enable farmers to pursue both goals in tandem, while removing 

perverse incentives that promote simplified, unsustainable agriculture (Ding et al., 2021; FAO et 

al., 2021; OECD, 2021). Such repurposing efforts should recognize that farmer decisions to 

diversify are constrained by many factors including market opportunities, labour availability, and 

                  



22 

government policies (Schroth & Ruf, 2014) that need addressing to enable widespread adoption 

while helping farmers and rural communities to thrive. 

For biodiversity, the benefits of diversified farming can be substantial and should not be 

overlooked at a time when taking action to halt biodiversity loss has become critical (Ceballos et 

al., 2017, 2020; Leclère et al., 2020; WWF, 2020). Our study suggests diversifying farming 

systems can have conservation value at the same time as benefiting agricultural production within 

a landscape. Diversification more frequently benefited both biodiversity and yield when 

biodiversity was measured in terms of species richness or richness-evenness, rather than 

abundance. Species richness and evenness are often more effective indicators of places of 

conservation value, because measures of abundance can remain stable while species richness 

and evenness vary greatly, for example between locations with similar numbers of common 

species (Bock et al., 2007). However, abundance can be positively correlated with species 

richness for some taxa, such as plants, grasshoppers, butterflies, birds and rodents in pasture 

and semi-natural grasslands (Bock et al., 2007). Abundance was the dominant biodiversity 

measure in our database and, while positive effects on abundance were much more common 

than a neutral or negative effect, trade-offs with yield were more likely than positive synergies. 

This is in part related to the fact that agronomic pests (representing 32% cases) were 

predominantly measured in terms of abundance, and where diversification increased pests 

(positive biodiversity response), this was often associated with yield losses, and vice-versa 

(Appendix A: Fig. A.10). While some pests may be invasive or over-abundant species and 

reducing numbers may be compatible with biodiversity conservation goals, often this is not the 

case. Some agronomic pests, such as birds, rely heavily on farmland habitat for their survival 

making it challenging to align agricultural production and biodiversity conservation goals (Garcia 

et al., 2020).   

Our results suggest that biodiversity responses depend on organism functional traits, consistent 

with previous studies (Flynn et al., 2009; Gonthier et al., 2014; Shackelford et al., 2013). The 

positive response of below-ground biodiversity to diversification, and more variable above-ground 
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biodiversity response, suggests it may be harder to positively impact above-ground biodiversity 

through on-farm diversification. Many above-ground species are mobile and landscape context 

may be a key driver affecting responses for these taxa (Gonthier et al., 2014; Lichtenberg et al., 

2017; Monck-Whipp et al., 2018). Research shows that crop heterogeneity can positively affect 

biodiversity at the landscape level (Estrada-Carmona et al., 2022; Sirami et al., 2019) pointing to 

the scale-dependency of biodiversity responses. Achieving positive outcomes for biodiversity and 

yield therefore requires integrated planning strategies to increase diversity at both farm and 

landscape levels (Jeanneret et al., 2021).  

Limitations and future research needs 

New field experiments and expansion of the Jones et al. (2021b) dataset as new publications 

emerge would help close evidence gaps. While the dataset used in this analysis includes 

hundreds of comparisons, increasing the number of cases and studies for under-represented 

taxa, production systems, and regions, would enable more in-depth analyses and strengthen the 

findings. For example, temperate and tropical regions, certain taxa, including mammals, reptiles, 

amphibians, and soil organisms (fungi, annelids), were poorly (or not at all) represented. As these 

are the regions where agriculture covers the most land and expansion is happening fastest 

(Winkler et al., 2021), evidence gaps urgently need closing to help halt biodiversity loss. In terms 

of crops, our dataset included many experiments in cereal, fibre (cotton), fruit and vegetable 

cropping systems, which are important cash crops, while roots, tubers and pulses were under-

represented despite their nutritional importance and reliance by many smallholder farmers. 

Cereal crop species in the dataset were dominated by maize, rice, sorghum, and wheat, while 

millet, barley, rye, and oats were missing.  

Our analysis was constrained by the availability of studies reporting outcomes for both 

biodiversity and yield, in simplified and diversified farming systems. Inter-disciplinary experiments 

that collect data on agronomic, ecological, economic and human wellbeing outcomes are in short 

supply and experimental approaches are highly variable and often incomparable (Hufnagel et al., 

2020). In intercropped and agroforestry treatments in our study, the lack of yield data needed to 
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calculate land equivalent ratios may reflect the resource and technical challenges involved in 

conducting experiments that collect data on multiple outcomes and applying best practices to 

every measurement category (Brooker et al., 2015). Closing this gap through future field studies 

will be vital to enable evidence-based shifts towards agricultural practices that contribute to 

multiple objectives.  

Conclusion 

Intensive agricultural systems have contributed to exceeding planetary boundaries. Identifying 

alternative systems that meet agricultural production needs and simultaneously support 

biodiversity is a crucial issue for current and future generations. This study highlights the 

importance of carefully selecting agriculture diversification strategies to minimize trade-offs 

between ecological and agronomic objectives, and the potential risks of extrapolating biodiversity-

yield outcomes across studies without considering contextual factors, particularly crop 

commodity, diversification practice, bioclimatic location, and outcome metric. In general, there is a 

decline in species abundance when yields increase under diversification, while effects on species 

richness and evenness appear more context dependent. We show that the overall likelihood of a 

win-win is higher when combinations of diversification practices are implemented, no 

agrochemicals are applied, perennial woody crops are diversified, and in milder climates. 

Biodiversity increases, on average, in at least two-thirds of cases when tree crops or woody fruit 

crops are diversified, or when natural habitat is embedded into farming systems, and these 

situations rarely lead to significant changes in yield. Strategies that reward farmers who are 

already implementing diversified systems while enabling wider adoption of the most promising 

interventions should be integrated into agricultural production and biodiversity conservation 

policies to accelerate the shift to sustainable food and agricultural systems.  

Acknowledgments 

We are grateful to David Makowski and Fabrice DeClerck for excellent suggestions that improved 

the data analysis. We thank two anonymous reviewers for their constructive inputs. This work 

                  



25 

was supported by the CGIAR Research Program on Water, Land and Ecosystems as part of the 

Sustainable Foods through diversity-based practices project, and the OneCGIAR Nexus Gains 

initiative as part of the Agrobiodiversity Index project.  

Author Contributions: S.K.J. conceived of the study, and designed the study in consultation 

with all authors. A.C.S., S.D.J., S.K.J and N.E.C. conducted the article search, screening and 

data entry. A.C.S., D.B., S.K.J. and N.E.C. completed the data validation and quality control. 

S.K.J. conducted the analysis and wrote the first draft of the manuscript. All authors reviewed and 

edited the manuscript. 

 

 

Declaration of interests 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

  

                  



26 

Appendix A. Supplementary data 

Supplementary methods, figures and tables associated with this article can be found, in the online 

version, at XXXXX.  

                  



27 

References 

Abdi, A. M., Carrié, R., Sidemo-Holm, W., Cai, Z., Boke-Olén, N., Smith, H. G., Eklundh, L., & 

Ekroos, J. (2021). Biodiversity decline with increasing crop productivity in agricultural fields 

revealed by satellite remote sensing. Ecological Indicators, 130, 108098. 

https://doi.org/https://doi.org/10.1016/j.ecolind.2021.108098 

Aguirre-Gutiérrez, J., Kissling, W. D., Carvalheiro, L. G., WallisDeVries, M. F., Franzén, M., & 

Biesmeijer, J. C. (2016). Functional traits help to explain half-century long shifts in pollinator 

distributions. Scientific Reports 2016 6:1, 6(1), 1–13. https://doi.org/10.1038/srep24451 

Aizen, M. A., Aguiar, S., Biesmeijer, J. C., Garibaldi, L. A., Inouye, D. W., Jung, C., Martins, D. J., 

Medel, R., Morales, C. L., Ngo, H., Pauw, A., Paxton, R. J., Sáez, A., & Seymour, C. L. 

(2019). Global agricultural productivity is threatened by increasing pollinator dependence 

without a parallel increase in crop diversification. Global Change Biology, 25(10), 3516–

3527. https://doi.org/10.1111/gcb.14736 

Arslan, A., Floress, K., Lamanna, C., Lipper, L., & Rosenstock, T. S. (2022). A meta-analysis of 

the adoption of agricultural technology in Sub-Saharan Africa. PLoS Sustainability and 

Transformation, 1–17. https://doi.org/10.1371/journal.pstr.0000018 

Assink, M., & Wibbelink, C. J. M. (2016). Fitting three-level meta-analytic models in R: A step-by-

step tutorial. The Quantitative Methods for Psychology, 12(3), 154–174. 

https://doi.org/10.20982/tqmp.12.3.p154 

Beckmann, M., Gerstner, K., Akin‐Fajiye, M., Ceaușu, S., Kambach, S., Kinlock, N. L., Phillips, H. 

R. P., Verhagen, W., Gurevitch, J., Klotz, S., Newbold, T., Verburg, P. H., Winter, M., & 

Seppelt, R. (2019). Conventional land‐use intensification reduces species richness and 

increases production: A global meta‐analysis. Global Change Biology, 25(6), 1941–1956. 

https://doi.org/10.1111/gcb.14606 

                  



28 

Beillouin, D., Ben-Ari, T., & Makowski, D. (2019). Evidence map of crop diversification strategies 

at the global scale. Environmental Research Letters, 4(123001). 

https://doi.org/https://doi.org/10.1088/1748-9326/ab4449 

Beillouin, D., Ben-Ari, T., Malézieux, E., Seufert, V., & Makowski, D. (2021). Positive but variable 

effects of crop diversification on biodiversity and ecosystem services. Global Change 

Biology, 27(19), 4697–4710. https://doi.org/10.1111/GCB.15747 

Bezner Kerr, R., Madsen, S., Stüber, M., Liebert, J., Enloe, S., Borghino, N., Parros, P., 

Mutyambai, D. M., Prudhon, M., & Wezel, A. (2021). Can agroecology improve food security 

and nutrition? A review. Global Food Security, 29(March). 

https://doi.org/10.1016/j.gfs.2021.100540 

Bock, C. E., Jones, Z. F., & Bock, J. H. (2007). Relationships between species richness, 

evenness, and abundance in a southwestern savanna. Ecology, 88(5), 1322–1327. 

Boincean, B., & Dent, D. (2019). Agroecology: Science for Sustainable Intensification of 

Agriculture. In B. Boincean & D. Dent (Eds.), Farming the Black Earth: Sustainable and 

Climate-Smart Management of Chernozem Soils (pp. 19–27). Springer International 

Publishing. https://doi.org/10.1007/978-3-030-22533-9_2 

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009). Introduction to Meta-

Analysis (Issue January). John Wiley & Sons, Ltd. 

Boutron, I., Page, M. J., Higgins, J. P. T., Altman, D. G., Lundh, A., Hróbjartsson, A., & Group,  on 

behalf of the C. B. M. (2019). Considering bias and conflicts of interest among the included 

studies. In J. P. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M. J. Page, & V. A. 

Welch (Eds.), Cochrane Handbook for Systematic Reviews of Interventions (pp. 177–204). 

https://doi.org/https://doi.org/10.1002/9781119536604.ch7 

Breiman, L. (2001). Random forests. Machine Learning, 45(1), 5–32. 

https://doi.org/10.1023/A:1010933404324 

                  



29 

Brooker, R. W., Bennett, A. E., Cong, W.-F., Daniell, T. J., George, T. S., Hallett, P. D., Hawes, 

C., Iannetta, P. P. M., Jones, H. G., Karley, A. J., Li, L., McKenzie, B. M., Pakeman, R. J., 

Paterson, E., Schöb, C., Shen, J., Squire, G., Watson, C. A., Zhang, C., … White, P. J. 

(2015). Improving intercropping: a synthesis of research in agronomy, plant physiology and 

ecology. New Phytologist, 206(1), 107–117. 

https://doi.org/https://doi.org/10.1111/nph.13132 

Bushman, B. J. (2009). Vote-counting procedures in meta-analysis. In J. C. Valentine, L. Hedges, 

& J. C. Valentine (Eds.), The Handbook of Research Synthesis and Meta-Analysis (Issue 

March, p. 632). Russell Sage Foundation. 

Ceballos, G., Ehrlich, P. R., & Dirzo, R. (2017). Biological annihilation via the ongoing sixth mass 

extinction signaled by vertebrate population losses and declines. Proceedings of the 

National Academy of Sciences of the United States of America, 114(30), E6089–E6096. 

https://doi.org/10.1073/pnas.1704949114 

Ceballos, G., Ehrlich, P. R., & Raven, P. H. (2020). Vertebrates on the brink as indicators of 

biological annihilation and the sixth mass extinction. Proceedings of the National Academy 

of Sciences of the United States of America. https://doi.org/10.1073/pnas.1922686117 

Cheung, M. W. (2019). A Guide to Conducting a Meta-Analysis with Non-Independent Effect 

Sizes. 387–396. 

Coutinho, J. G. da E., Garibaldi, L. A., & Viana, B. F. (2018). The influence of local and landscape 

scale on single response traits in bees: A meta-analysis. In Agriculture, Ecosystems and 

Environment (Vol. 256, pp. 61–73). Elsevier B.V. https://doi.org/10.1016/j.agee.2017.12.025 

de Graaff, M.-A., Hornslein, N., Throop, H. L., Kardol, P., & van Diepen, L. T. A. (2019). Chapter 

One - Effects of agricultural intensification on soil biodiversity and implications for 

ecosystem functioning: A meta-analysis (D. L. B. T.-A. in A. Sparks (ed.); Vol. 155, pp. 1–

44). Academic Press. https://doi.org/https://doi.org/10.1016/bs.agron.2019.01.001 

                  



30 

Delvaux, G., Riesgo, L., & Gomez y Paloma, S. (2020). Farm size-performance relationship : A 

review. EUR 30471 EN, Publications Office of the European Union. 

https://doi.org/10.2760/140208 

Devika, S., Jeyaseelan, L., & Sebastian, G. (2016). Analysis of sparse data in logistic regression 

in medical research: A newer approach. Journal of Postgraduate Medicine, 62(1), 26–31. 

https://doi.org/10.4103/0022-3859.173193 

Ding, H., Markandya, A., Feltran-Barbieri, R., Calmon, M., Cervera, M., Duraisami, M., Singh, R., 

Warman, J., & Anderson, W. (2021). Repurposing Agricultural Subsidies to Restore 

Degraded Farmland and Grow Rural Prosperity. In World Resources Institute. 

https://doi.org/10.46830/wrirpt.20.00013 

Estrada-Carmona, N., Sánchez, A. C., Remans, R., & Jones, S. K. (2022). Complex agricultural 

landscapes host more biodiversity than simple ones: a global meta-analysis. Proceedings of 

the National Academy of Sciences, 119(38), e2203385119. 

https://doi.org/https://doi.org/10.1073/pnas.2203385119 

FAO, UNDP, & UNEP. (2021). A multi-billion-dollar opportunity - Repurposing agricultural support 

to transform food systems. FAO. https://doi.org/https://doi.org/10.4060/cb6562en 

Fastré, C., van Zeist, W.-J., Watson, J. E. M., & Visconti, P. (2021). Integrated spatial planning for 

biodiversity conservation and food production. One Earth, 4(11), 1635–1644. 

https://doi.org/https://doi.org/10.1016/j.oneear.2021.10.014 

Flynn, D. F. B., Gogol-Prokurat, M., Nogeire, T., Molinari, N., Richers, B. T., Lin, B. B., Simpson, 

N., Mayfield, M. M., & DeClerck, F. (2009). Loss of functional diversity under land use 

intensification across multiple taxa. Ecology Letters, 12(1), 22–33. 

https://doi.org/10.1111/j.1461-0248.2008.01255.x 

Frison, E., & Clément, C. (2020). The potential of diversified agroecological systems to deliver 

healthy outcomes: Making the link between agriculture, food systems & health. Food Policy, 

                  



31 

96, 101851. https://doi.org/10.1016/j.foodpol.2020.101851 

Garcia, K., Olimpi, E. M., Karp, D. S., & Gonthier, D. J. (2020). The Good, the Bad, and the Risky: 

Can Birds Be Incorporated as Biological Control Agents into Integrated Pest Management 

Programs? Journal of Integrated Pest Management, 11(1), 11. 

https://doi.org/10.1093/jipm/pmaa009 

Garibaldi, L. A., Gemmill-Herren, B., D’Annolfo, R., Graeub, B. E., Cunningham, S. A., & Breeze, 

T. D. (2017). Farming Approaches for Greater Biodiversity, Livelihoods, and Food Security. 

In Trends in Ecology and Evolution (Vol. 32, Issue 1, pp. 68–80). Elsevier Ltd. 

https://doi.org/10.1016/j.tree.2016.10.001 

Garibaldi, L. A., Schulte, L. A., Oddi, F. J., Orr, M. C., Miguez, F. E., Kremen, C., Jobbágy, E. G., 

Bagnato, C., Goldenberg, M., Huaylla, C. A., & Santibañez, F. (2020). Working landscapes 

need at least 20 % native habitat. September, 1–10. https://doi.org/10.1111/conl.12773 

Geiger, F., Bengtsson, J., Berendse, F., Weisser, W. W., Emmerson, M., Morales, M. B., 

Ceryngier, P., Liira, J., Tscharntke, T., Winqvist, C., Eggers, S., Bommarco, R., Pärt, T., 

Bretagnolle, V., Plantegenest, M., Clement, L. W., Dennis, C., Palmer, C., Oñate, J. J., … 

Inchausti, P. (2010). Persistent negative effects of pesticides on biodiversity and biological 

control potential on European farmland. Basic and Applied Ecology, 11(2), 97–105. 

https://doi.org/https://doi.org/10.1016/j.baae.2009.12.001 

Gong, S., Hodgson, J. A., Tscharntke, T., Liu, Y., van der Werf, W., Batáry, P., Knops, J. M. H., & 

Zou, Y. (2022). Biodiversity and yield trade-offs for organic farming. Ecology Letters, 25(7), 

1699–1710. https://doi.org/10.1111/ele.14017 

Gonthier, D. J., Ennis, K. K., Farinas, S., Hsieh, H.-Y., Iverson, A. L., Batáry, P., Rudolphi, J., 

Tscharntke, T., Cardinale, B. J., & Perfecto, I. (2014). Biodiversity conservation in 

agriculture requires a multi-scale approach. Proceedings of the Royal Society B: Biological 

Sciences, 281(1791), 20141358. https://doi.org/10.1098/rspb.2014.1358 

                  



32 

Harrison, F. (2011). Getting started with meta-analysis. 1–10. https://doi.org/10.1111/j.2041-

210X.2010.00056.x 

Hilbe, J. M. (2009). Logistic Regression Models. CRC Press, USA. 

Holt, A. R., Alix, A., Thompson, A., & Maltby, L. (2016). Food production, ecosystem services and 

biodiversity: We can’t have it all everywhere. Science of the Total Environment, 573, 1422–

1429. https://doi.org/10.1016/j.scitotenv.2016.07.139 

Hufnagel, J., Reckling, M., & Ewert, F. (2020). Diverse approaches to crop diversification in 

agricultural research. A review. Agronomy for Sustainable Development, 40(2), 14. 

https://doi.org/10.1007/s13593-020-00617-4 

Hurtt, G. C., Chini, L. P., Frolking, S., Betts, R. A., Feddema, J., Fischer, G., Fisk, J. P., Hibbard, 

K., Houghton, R. A., Janetos, A., Jones, C. D., Kindermann, G., Kinoshita, T., Klein 

Goldewijk, K., Riahi, K., Shevliakova, E., Smith, S., Stehfest, E., Thomson, A., … Wang, Y. 

P. (2011). Harmonization of land-use scenarios for the period 1500–2100: 600 years of 

global gridded annual land-use transitions, wood harvest, and resulting secondary lands. 

Climatic Change 2011 109:1, 109(1), 117–161. https://doi.org/10.1007/S10584-011-0153-2 

IPBES. (2019). Global assessment report on biodiversity and ecosystem services of the 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (E. S. 

Brondizio, J. Settele, S. Diaz, & H. T. Ngo (eds.)). IPBES secretariat. 

Jeanneret, P., Aviron, S., Alignier, A., Lavigne, C., Helfenstein, J., Herzog, F., Kay, S., & Petit, S. 

(2021). Agroecology landscapes. Landscape Ecology, 36(8), 2235–2257. 

https://doi.org/10.1007/s10980-021-01248-0 

Jeffery, S., Abalos, D., Prodana, M., Bastos, A. C., van Groenigen, J. W., Hungate, B. A., & 

Verheijen, F. (2017). Biochar boosts tropical but not temperate crop yields. Environmental 

Research Letters, 12(5), 53001. https://doi.org/10.1088/1748-9326/aa67bd 

                  



33 

Jones, S. K., Sánchez, A. C., Juventia, S. D., & Estrada-Carmona, N. (2021). A global database 

of diversified farming effects on biodiversity and yield. Scientific Data 2021 8:1, 8(1), 1–6. 

https://doi.org/10.1038/s41597-021-01000-y 

Konstantopoulos, S. (2011). Fixed effects and variance components estimation in three-level 

meta-analysis. Research Synthesis Methods, 2(1), 61–76. https://doi.org/10.1002/jrsm.35 

Kosmidis, I., & Firth, D. (2021). Jeffreys-prior penalty, finiteness and shrinkage in binomial-

response generalized linear models. Biometrika, 108(1), 71–82. 

https://doi.org/10.1093/biomet/asaa052 

Kremen, C. (2015). Reframing the land-sparing/land-sharing debate for biodiversity conservation. 

Annals of the New York Academy of Sciences, 1355(1), 52–76. 

https://doi.org/10.1111/nyas.12845 

Kremen, C., Iles, A., & Bacon, C. (2012). Diversified farming systems: an agroecological, 

systems-based alternative to modern industrial agriculture. Ecology and Society, 17(4), 

art44. https://doi.org/10.5751/ES-05103-170444 

Leclère, D., Obersteiner, M., Barrett, M., Butchart, S. H. M., Chaudhary, A., De Palma, A., 

DeClerck, F. A. J., Di Marco, M., Doelman, J. C., Dürauer, M., Freeman, R., Harfoot, M., 

Hasegawa, T., Hellweg, S., Hilbers, J. P., Hill, S. L. L., Humpenöder, F., Jennings, N., 

Krisztin, T., … Young, L. (2020). Bending the curve of terrestrial biodiversity needs an 

integrated strategy. Nature, 585(7826), 551–556. https://doi.org/10.1038/s41586-020-2705-

y 

Lichtenberg, E. M., Kennedy, C. M., Kremen, C., Berendse, F., Bommarco, R., Bosque-p, N. A., 

Carvalheiro, G., Snyder, W. E., Williams, N. M., Winfree, R., Yann, R. C., Bryan, C., & Tim, 

D. (2017). A global synthesis of the effects of diversified farming systems on arthropod 

diversity within fields and across agricultural landscapes. Global Change Biology, 23(11), 

4946–4957. https://doi.org/10.1111/gcb.13714 

                  



34 

Locke, H., Ellis, E. C., Venter, O., Schuster, R., Ma, K., Shen, X., Woodley, S., Kingston, N., 

Bhola, N., Strassburg, B. B. N., Paulsch, A., Williams, B., & Watson, J. E. M. (2019). Three 

global conditions for biodiversity conservation and sustainable use: an implementation 

framework. National Science Review, 6(6), 1080–1082. https://doi.org/10.1093/nsr/nwz136 

Loos, J., Abson, D. J., Chappell, M. J., Hanspach, J., Mikulcak, F., Tichit, M., & Fischer, J. (2014). 

Putting meaning back into “sustainable intensification.” Frontiers in Ecology and the 

Environment, 12(6), 356–361. https://doi.org/10.1890/130157 

López-López, J. A., Page, M. J., Lipsey, M. W., & Higgins, J. P. T. (2018). Dealing with effect size 

multiplicity in systematic reviews and meta-analyses. Research Synthesis Methods, 9(3), 

336–351. https://doi.org/10.1002/jrsm.1310 

Mehrabi, Z., Ellis, E. C., & Ramankutty, N. (2018). The challenge of feeding the world while 

conserving half the planet. Nature Sustainability, 1(8), 409–412. 

https://doi.org/10.1038/s41893-018-0119-8 

Millard, J., Outhwaite, C. L., Kinnersley, R., Freeman, R., Gregory, R. D., Adedoja, O., Gavini, S., 

Kioko, E., Kuhlmann, M., Ollerton, J., Ren, Z.-X., & Newbold, T. (2021). Global effects of 

land-use intensity on local pollinator biodiversity. Nature Communications, 12(1), 1–11. 

https://doi.org/10.1038/s41467-021-23228-3 

Mokany, K., Ferrier, S., Harwood, T., Ware, C., Di Marco, M., Grantham, H., Hoskins, A., & 

Watson, J. (2020). Reconciling global priorities for conserving biodiversity habitat. BioRxiv, 

PREPRINT. https://doi.org/10.1101/850537 

Monck-Whipp, L., Martin, A. E., Francis, C. M., & Fahrig, L. (2018). Farmland heterogeneity 

benefits bats in agricultural landscapes. Agriculture, Ecosystems and Environment, 253, 

131–139. https://doi.org/10.1016/j.agee.2017.11.001 

Morales, C. G., & Lachos, V. H. (2015). R Package “qrLMM”: Quantile Regression for Linear 

Mixed-Effects Models (pp. 1–11). 

                  



35 

https://www.researchgate.net/publication/303055632_R_Package_’qrLMM’_Quantile_Regre

ssion_for_Linear_Mixed-Effects_Models 

Newbold, T., Oppenheimer, P., Etard, A., & Williams, J. J. (2020). Tropical and Mediterranean 

biodiversity is disproportionately sensitive to land-use and climate change. Nature Ecology 

& Evolution 2020 4:12, 4(12), 1630–1638. https://doi.org/10.1038/s41559-020-01303-0 

Niether, W., Jacobi, J., Blaser, W. J., Andres, C., & Armengot, L. (2020). Cocoa agroforestry 

systems versus monocultures: A multi-dimensional meta-analysis. Environmental Research 

Letters, 15(10), 104085. https://doi.org/10.1088/1748-9326/abb053 

Öckinger, E., Schweiger, O., Crist, T. O., Debinski, D. M., Krauss, J., Kuussaari, M., Petersen, J. 

D., Pöyry, J., Settele, J., Summerville, K. S., & Bommarco, R. (2010). Life-history traits 

predict species responses to habitat area and isolation: a cross-continental synthesis. 

Ecology Letters, 13(8), 969–979. https://doi.org/10.1111/J.1461-0248.2010.01487.X 

OECD. (2021). Making Better Policies for Food Systems. 

https://doi.org/https://doi.org/10.1787/ddfba4de-en 

Ortiz, A. M. D., Outhwaite, C. L., Dalin, C., & Newbold, T. (2021). A review of the interactions 

between biodiversity, agriculture, climate change, and international trade: research and 

policy priorities. One Earth, 4(1), 88–101. 

https://doi.org/https://doi.org/10.1016/j.oneear.2020.12.008 

Phalan, B., Balmford, A., & Green, R. E. (2012). Agriculture as a key element for conservation: 

Reasons for caution. Conservation Letters, 5(4), 323–324. https://doi.org/10.1111/j.1755-

263X.2012.00248.x 

Ponisio, L. C., M ’gonigle, L. K., Mace, K. C., Palomino, J., De Valpine, P., & Kremen, C. (2015). 

Diversification practices reduce organic to conventional yield gap. Proceedings of the Royal 

Society B: Biological Sciences, 282(20141396), 1–7. https://doi.org/10.1098/rspb.2014.1396 

                  



36 

Pretty, J., & Bharucha, Z. P. (2014). Sustainable intensification in agricultural systems. Annals of 

Botany, 114(8), 1571–1596. https://doi.org/10.1093/aob/mcu205 

Pumariño, L., Sileshi, G. W., Gripenberg, S., Kaartinen, R., Barrios, E., Muchane, M. N., Midega, 

C., & Jonsson, M. (2015). Effects of agroforestry on pest, disease and weed control: A 

meta-analysis. In Basic and Applied Ecology (Vol. 16, Issue 7, pp. 573–582). Elsevier 

GmbH. https://doi.org/10.1016/j.baae.2015.08.006 

R Core Team. (2021). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. https://www.r-project.org/ 

Reiss, E. R., & Drinkwater, L. E. (2018). Cultivar mixtures: a meta‐analysis of the effect of 

intraspecific diversity on crop yield. Ecological Applications, 28(1), 62–77. 

https://doi.org/10.1002/eap.1629 

Ricciardi, V., Mehrabi, Z., Wittman, H., James, D., & Ramankutty, N. (2021). Higher yields and 

more biodiversity on smaller farms. Nature Sustainability, 1–7. 

https://doi.org/10.1038/s41893-021-00699-2 

Ridding, L. E., Bullock, J. M., Pescott, O. L., Hawes, P., Walls, R., Pereira, M. G., Thacker, S. A., 

O Keenan, P., Dragosits, U., & Pywell, R. F. (2020). Long-term change in calcareous 

grassland vegetation and drivers over three time periods between 1970 and 2016. Plant 

Ecology, 221, 377–394. https://doi.org/10.1007/s11258-020-01016-1 

Rosa-Schleich, J., Loos, J., Mußhoff, O., & Tscharntke, T. (2019). Ecological-economic trade-offs 

of diversified farming systems – a review. Ecological Economics, 160, 251–263. 

https://doi.org/10.1016/J.ECOLECON.2019.03.002 

Sánchez-Bayo, F., & Wyckhuys, K. A. G. (2019). Worldwide decline of the entomofauna: A review 

of its drivers. Biological Conservation, 232, 8–27. 

https://doi.org/10.1016/J.BIOCON.2019.01.020 

                  



37 

Sánchez, A. C., Estrada-Carmona, N., Juventia, S. D., & Jones, S. K. (2021). The impact of 

diversified farming practices on terrestrial biodiversity outcomes and agricultural yield 

worldwide: A systematic review protocol. Methods and Protocols, 4(8), 1–24. 

https://doi.org/10.3390/mps4010008 

Sánchez, A. C., Jones, S. K., Purvis, A., Estrada-carmona, N., & De Palma, A. (2022). 

Landscape and functional groups moderate the effect of diversified farming on biodiversity: 

A global meta-analysis. Agriculture, Ecosystems and Environment, 332(February). 

https://doi.org/10.1016/j.agee.2022.107933 

Schmidt-Traub, G., Obersteiner, M., & Mosnier, A. (2019). Fix the broken food system in three 

steps. Nature 2021 569:7755, 569(7755), 181–183. https://doi.org/10.1038/d41586-019-

01420-2 

Schroth, G., & Ruf, F. (2014). Farmer strategies for tree crop diversification in the humid tropics. 

A review. Agronomy for Sustainable Development, 34(1), 139–154. 

https://doi.org/10.1007/s13593-013-0175-4 

Shackelford, G., Steward, P. R., Benton, T. G., Kunin, W. E., Potts, S. G., Biesmeijer, J. C., & 

Sait, S. M. (2013). Comparison of pollinators and natural enemies: a meta-analysis of 

landscape and local effects on abundance and richness in crops. Biological Reviews, 88(4), 

1002–1021. https://doi.org/10.1111/brv.12040 

Sirami, C., Gross, N., Bosem Baillod, A., Bertrand, C., Carrié, R., Hass, A., Henckel, L., Miguet, 

P., Vuillot, C., Alignier, A., Girard, J., Batáry, P., Clough, Y., Violle, C., Giralt, D., Bota, G., 

Badenhausser, I., Lefebvre, G., Gauffre, B., … Vuillot, C. (2019). Increasing crop 

heterogeneity enhances multitrophic diversity across agricultural regions. 116(33), 16442–

16447. https://doi.org/10.1073/pnas.1906419116 

Snyder, L. D., Gómez, M. I., & Power, A. G. (2020). Crop Varietal Mixtures as a Strategy to 

Support Insect Pest Control, Yield, Economic, and Nutritional Services. In Frontiers in 

                  



38 

Sustainable Food Systems (Vol. 4, p. 60). Frontiers Media S.A. 

https://doi.org/10.3389/fsufs.2020.00060 

Springmann, M., Clark, M., Mason-D’Croz, D., Wiebe, K., Bodirsky, B. L., Lassaletta, L., de Vries, 

W., Vermeulen, S. J., Herrero, M., Carlson, K. M., Jonell, M., Troell, M., DeClerck, F., 

Gordon, L. J., Zurayk, R., Scarborough, P., Rayner, M., Loken, B., Fanzo, J., … Willett, W. 

(2018). Options for keeping the food system within environmental limits. Nature 2018 

562:7728, 562(7728), 519–525. https://doi.org/10.1038/s41586-018-0594-0 

Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., Longino, J. T., & Huey, 

R. B. (2014). Thermal-safety margins and the necessity of thermoregulatory behavior across 

latitude and elevation. Proceedings of the National Academy of Sciences of the United 

States of America, 111(15), 5610–5615. https://doi.org/10.1073/pnas.1316145111 

Tamburini, G., Bommarco, R., Wanger, T. C., Kremen, C., van der Heijden, M. G. A., Liebman, 

M., & Hallin, S. (2020). Agricultural diversification promotes multiple ecosystem services 

without compromising yield. Science Advances, 6(45), eaba1715. 

https://doi.org/10.1126/sciadv.aba1715 

Tilman, D., Clark, M., Williams, D. R., Kimmel, K., Polasky, S., & Packer, C. (2017). Future 

threats to biodiversity and pathways to their prevention. Nature, 546(7656), 73–81. 

https://doi.org/10.1038/nature22900 

Tscharntke, T., Grass, I., Wanger, T. C., Westphal, C., & Batáry, P. (2021). Beyond organic 

farming – harnessing biodiversity-friendly landscapes. Trends in Ecology and Evolution, 

36(10), 919–930. https://doi.org/10.1016/j.tree.2021.06.010 

Tuck, S. L., Winqvist, C., Mota, F., Ahnström, J., Turnbull, L. A., & Bengtsson, J. (2014). Land-

use intensity and the effects of organic farming on biodiversity: A hierarchical meta-analysis. 

Journal of Applied Ecology, 51(3), 746–755. https://doi.org/10.1111/1365-2664.12219 

Van den Noortgate, W., López-López, J. A., Marín-Martínez, F., & Sánchez-Meca, J. (2013). 

                  



39 

Three-level meta-analysis of dependent effect sizes. Behavior Research Methods, 45(2), 

576–594. https://doi.org/10.3758/s13428-012-0261-6 

Van den Noortgate, W., López-López, J. A., Marín-Martínez, F., & Sánchez-Meca, J. (2014). 

Meta-analysis of multiple outcomes: a multilevel approach. Behavior Research Methods, 

47(4), 1274–1294. https://doi.org/10.3758/s13428-014-0527-2 

Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with S (Fourth Edi). Springer, 

New York, NY. 

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor package. Journal Of 

Statistical Software, 36(3), 1–48. s://www.jstatsoft.org/v036/i03 

Wezel, A., Herren, B. G., Kerr, R. B., Barrios, E., Gonçalves, A. L. R., & Sinclair, F. (2020). 

Agroecological principles and elements and their implications for transitioning to sustainable 

food systems. A review. Agronomy for Sustainable Development, 40(6), 1–13. 

https://doi.org/10.1007/s13593-020-00646-z 

Willett, W., Rockström, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., Garnett, T., 

Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon, L. J., Fanzo, J., Hawkes, 

C., Zurayk, R., Rivera, J. A., De Vries, W., Majele Sibanda, L., … Murray, C. J. L. (2019). 

Food in the Anthropocene: the EAT–Lancet Commission on healthy diets from sustainable 

food systems. The Lancet, 393(10170), 447–492. https://doi.org/10.1016/S0140-

6736(18)31788-4 

Williams, D. R., Clark, M., Buchanan, G. M., Ficetola, G. F., Rondinini, C., & Tilman, D. (2021). 

Proactive conservation to prevent habitat losses to agricultural expansion. Nature 

Sustainability, 4(4), 314–322. https://doi.org/10.1038/s41893-020-00656-5 

Williams, J. J., Bates, A. E., & Newbold, T. (2020). Human-dominated land uses favour species 

affiliated with more extreme climates, especially in the tropics. Ecography, 43(3), 391–405. 

https://doi.org/10.1111/ECOG.04806 

                  



40 

Wilson, M. H., & Lovell, S. T. (2016). Agroforestry - The Next Step in Sustainable and Resilient 

Agriculture. In Sustainability (Vol. 8, Issue 6). https://doi.org/10.3390/su8060574 

Winkler, K., Fuchs, R., Rounsevell, M., & Herold, M. (2021). Global land use changes are four 

times greater than previously estimated. Nature Communications, 12(1), 2501. 

https://doi.org/10.1038/s41467-021-22702-2 

Wood, S. A., Karp, D. S., DeClerck, F., Kremen, C., Naeem, S., & Palm, C. A. (2015). Functional 

traits in agriculture: Agrobiodiversity and ecosystem services. Trends in Ecology and 

Evolution, 30(9), 531–539. https://doi.org/10.1016/j.tree.2015.06.013 

Woodcock, B. A., Isaac, N. J. B., Bullock, J. M., Roy, D. B., Garthwaite, D. G., Crowe, A., & 

Pywell, R. F. (2016). Impacts of neonicotinoid use on long-term population changes in wild 

bees in England. Nature Communications 2016 7:1, 7(1), 1–8. 

https://doi.org/10.1038/ncomms12459 

WWF. (2020). Living Planet Report 2020. In R. E. A. Almond, M. Grooten, & T. Petersen (Eds.), 

Bending the curve on biodiversity loss. WWF. http://www.ecoguinea.org/papers-

development.html 

                  



41 

Table 1. Farming system definitions and representation in this paper. 

Farming 
system 

Farming 
practice 

Definition Specific farming systems represented 
in the database 

Control: 
simplified 
farming 
system 

Simplified 
farming 

This includes i) monocultures, defined as a single crop species or 
variety grown in the same plot, at the same time or continually 
across different seasons, and ii) fields with an absence of 
embedded natural vegetation when compared to fields with 
embedded natural vegetation (adapted from Sánchez et al. 2021). 

Monocultures, absence of embedded 
natural vegetation (e.g. absence of 
hedgerows, or flower strips, or grass 
borders, or fallow periods >6 months). 

Treatment: 
diversified 
farming 
systems 

Agroforestry Agroforestry satisfies three conditions: (i) at least two plant species 
interact biologically, (ii) at least one of the plant species is a woody 
perennial, and (iii) at least one of the plant species is managed for 
forage, annual or perennial crop production (Beillouin et al., 2019).  

Shade coffee, alley cropping, tree 
borders. 

Associated 
plant species  

Following (Beillouin et al., 2019), associated plant species are 
plants sown in addition to the main crop for agronomic or 
environmental purposes. There is normally one main plant that is 
harvested for consumption, while the other plant is not harvested for 
consumption and instead provides a specific function, such as to 
deter pests, improve soil health, or reduce erosion. 

Trap crops, cover crops, green manure. 

Crop rotation Crop species or varieties grown in succession on a plot of land, on a 
seasonal or annual basis (Beillouin et al., 2019).  

Crop-pasture annual rotations, crop 
annual rotations (e.g., rice-soybean-
wheat), crop seasonal rotations (e.g., 
spring wheat, winter wheat). 

Cultivar 
mixtures  

Multiple cultivars of the same species grown together 
simultaneously in the same field. All cultivars are harvested 
(Beillouin et al., 2019). 

Two or more crop varieties grown in 
adjacent strips, rows, or mixed within a 
strip. 

Embedded 
natural  

On-farm land used for non-productive purposes and where natural 
or semi-natural vegetation is sown or allowed to naturally 
regenerate next to productive land or as part of a crop rotation 
cycle, usually for environmental purposes  (Sánchez et al., 2021). 

Hedgerows, flower strips, grass borders, 
fallow periods (>6 months). 

Intercropping Simultaneous cultivation in the same field of two or more crop 
species, varieties, or cultivars, for all or part of their growth cycle. All 
crops are harvested (Beillouin et al. 2019).  

Two or more crop species grown in 
adjacent strips, rows, or mixed within a 
strip. 
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Farming 
system 

Farming 
practice 

Definition Specific farming systems represented 
in the database 

Combined 
practices  

Combinations of single diversified farming practices, such as crop 
rotation and cover crops practiced together, or integrated crop-
animal production systems (Sánchez et al., 2021).  

Intercropping and crop rotation together, 
embedding natural habitat (flower strips) 
and intercropping together, integrated 
crop-fish production, integrated crop-
livestock production. 
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Figure legends 

 

Fig. 1. Geographic distribution of 764 paired biodiversity and yield effect sizes from 43 studies 

comparing responses in diversified relative to simplified farming systems.  

                  



44 

 

Fig. 2. Distribution and proportion of synergies and trade-offs between biodiversity (B) and yield 

(Y) effect sizes when comparing diversified to simplified farming systems. Labels in black show 

the proportion of cases with a Win B-Win Y, Win B-Lose Y, Lose B-Win Y, and Lose B-Lose Y, 

while labels in grey show the proportion of Other outcomes (i.e., neutral effects on biodiversity 

with either positive or negative effects on yield). Non-significant effect sizes are semi-transparent. 
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Fig. 3. Likelihood of farming system diversification resulting in a Win B-Win Y, Win B-Lose Y, 

Lose B-Win Y or Other outcome, relative to Lose B-Lose Y, for biodiversity (B) and yield (Y), for 

the full dataset and subsets representing cases where biodiversity was measured as abundance, 

richness or richness-evenness. Labels on the plot indicate where estimates are significant (*, 

p<0.05) with the number of paired effect sizes followed by the number of articles shown in 

parentheses (in grey when the number of cases ≤10 or number of studies ≤3, indicating a small 

sample size). Likelihoods represent log odds transformed to relative risk ratios, plotted with 95% 

confidence intervals. 
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Fig. 4. Variation across biomes in the likelihood of farming system diversification resulting in a 

Win B-Win Y, Win B-Lose Y, Lose B-Win Y or Other outcome, relative to Lose B-Lose Y, for 

biodiversity (B) and yield (Y). Labels on the plot indicate where estimates are significant (*, 

p<0.05) with the number of paired effect sizes followed by the number of articles shown in 

parentheses (in grey when the number of cases ≤10 or number of studies ≤3, indicating a small 

sample size). Likelihoods represent log odds transformed to relative risk ratios, plotted with 95% 

confidence intervals. Confidence interval limits with a value >7 are removed for display purposes 

(see Appendix A: Table A.8). 
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Fig. 5. Effect of latitude on the probability of farming system diversification resulting in a Win B-

Win Y, Win B-Lose Y, Lose B-Win Y, Lose B-Lose Y, or Other, outcome, for biodiversity (B) and 

yield (Y). Text on the plot shows the relative risk ratios (RRR) of each outcome relative to lose-

lose. Labels indicate where estimates are significant (*, p<0.05).  
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Fig. 6. Variation across diversification practices in the likelihood of farming system diversification 

resulting in a Win B-Win Y, Win B-Lose Y, Lose B-Win Y, Lose B-Win Y, or Other outcome, for 

biodiversity (B) and yield (Y), using Lose B-Lose Y (panel A) and Lose B-Win Y (panel B) as the 

reference category. Labels on the plot indicate where estimates are significant (*, p<0.05) with 

the number of paired effect sizes followed by the number of articles shown in parentheses (in 

grey when the number of cases ≤10 or number of studies ≤3, indicating a low sample size). 

Likelihoods represent log odds transformed to relative risk ratios. Likelihoods and confidence 

intervals limits with a value >7 are removed for display purposes (see Appendix A: Table A.8). 

                  


