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Agricultural simplification continues to expand at the expense of more diverse forms of agriculture. This
simplification, for example, in the form of intensively managed monocultures, poses a risk to keeping the
world within safe and just Earth system boundaries. Here, we estimated how agricultural diversification
simultaneously affects social and environmental outcomes. Drawing from 24 studies in 11 countries
across 2655 farms, we show how five diversification strategies focusing on livestock, crops, soils,
noncrop plantings, and water conservation benefit social (e.g., human well-being, yields, and food security)
and environmental (e.g., biodiversity, ecosystem services, and reduced environmental externalities)
outcomes. We found that applying multiple diversification strategies creates more positive outcomes
than individual management strategies alone. To realize these benefits, well-designed policies are
needed to incentivize the adoption of multiple diversification strategies in unison.

he simplification of farming systems con-

tinues to grow at the expense of more

diversified agriculture, contributing to

the crossing of planetary boundaries due

to the excessive use of chemical inputs,
as well as increased greenhouse gas emissions,
biodiversity loss, and water use (7). To address
these challenges, a new paradigm for farming
systems is needed that focuses on providing
food security and nutrition while minimizing
negative environmental, health, and social im-
pacts (2). This transformation is particularly
pertinent as countries in different stages of
economic development navigate through dis-
tinct challenges. Economically advantaged na-
tions need to reverse simplification to recover
from environmental and social damage al-
ready done, whereas lower-income nations need
to minimize these externalities in their devel-
opment transitions (3). Historically, the archi-
tects of the Green Revolution were primarily
concerned with breeding crops and develop-
ing agronomic inputs to increase staple crop
yields and respond to food security needs. How-
ever, the focus of their policies on simplifying
agricultural systems came with unintended
large and negative environmental impacts such
as pollution, as well as social side effects such
as farmer indebtedness, reduction of peoples’
dietary diversity, and reduced resilience (4, 5).
This has led to widespread calls for a change in
agricultural development policy that addresses
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the negative side effects directly through the ac-
tion of biologically diversified farming systems.
Biologically diversified farming systems, mean-
ing those that intentionally increase the num-
ber of agricultural and nonagricultural crop
and livestock species (and their genetic diver-
sity), are a promising solution to bring about
more sustainable food production because in
theory they offer an ecological mechanism for
higher resource use efficiency, less pollution,
improved food sovereignty, and reduced vul-
nerability to climate change (6-8). Much re-
search has examined the empirical effects of
agricultural diversification on environmental
outcomes (9-12). This research includes recent
quantitative syntheses demonstrating the pos-
itive effects of agricultural diversification on
biodiversity and ecosystem services and show-
ing that diversification practices increase yields
as often or more often than they decrease them
(11-13). However, although evidence of the envi-
ronmental benefits of agricultural diversifica-
tion is accumulating, our knowledge of social
outcomes beyond yields is limited to studies
focusing on selected dimensions of social sus-
tainability such as income (74) or employment,
but with limited attention to other facets such
as social networks (15, 16). Therefore, broad
trade-offs between social and environmental
outcomes from agricultural diversification
are poorly understood and largely unquantified
(9, 17, 18). To determine whether there are ad-
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systems (19), we need evidence that diversi..c..
tion does not privilege certain outcomes (e.g.,
nonagricultural biodiversity) at the expense of
others (e.g., yields) (20). Here, we draw on data
from 11 countries to take the next step, building
on prior syntheses examining how diversifi-
cation affects biodiversity, ecosystem services,
and yields (12-14, 21, 22) to include other so-
cial outcomes such as food security and hu-
man well-being.

Interdisciplinary and participatory
data synthesis

We examined environmental and social out-
comes resulting from multiple agricultural
diversification strategies, both separately and
in combination. We focused our assessment
on five types of diversification strategies: (i)
livestock inclusion and diversification (e.g.,
managed mammals, fowl, bees, and fish); (ii)
temporal crop diversification (e.g., crop rota-
tion and cover crops); (iii) soil conservation
and fertility management (e.g., compost appli-
cation); (iv) noncrop plantings (e.g., hedgerows);
and (v) water conservation (e.g., contour farm-
ing). We chose these five diversification strat-
egies (table S2) inductively to classify the wide
array of farming practices represented across
the 24 datasets (table S5) included in our
analysis. Soil conservation practices such as
compost addition are considered to represent
a diversification strategy if they create habitat
conditions that enhance biodiversity or trophic
complexity belowground (23). Likewise, water
conservation practices are considered to rep-
resent diversification if they affect plant and
microtopographic heterogeneity that influ-
ences biodiversity (24). We investigated how
these five strategies can lead to trade-offs and/or
synergies between targeted environmental
(e.g., nonagricultural biodiversity, regulating
ecosystem services such as crop pollination,
and reduced environmental externalities or
harms) and social (e.g., yields, human well-being,
and food security) outcomes (tables S1 to S7
and figs. S7 to S10). Our six environmental and
social outcomes each measure specific dimen-
sions of sustainability to account for intercon-
nections and assess the overall sustainability of
diversified farming from a systems perspective.
We harmonized 24 datasets covering 2655
farms and various farming types across five
continents, including smallholder farming in
rural Africa, plantation crops in Southeast Asia,
and both small- and large-scale farming in North
America, Europe, and Latin America (Fig. 1). The
harmonized dataset combines individual studies
to cover a broad range of farming practices,
geographies, and environmental and social con-
texts to develop a synthesis broadly applicable
across multiple farming systems. All 24 data-
sets measured at least one agricultural diversi-
fication practice, as well as one environmental
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Fig. 1. Geographic distribution of

24 datasets spanning five continents
and a wide range of landscapes.

Our analysis of agricultural diversification
strategies covers 2655 farms across
five continents. Insets depict satellite
images of agricultural systems (left

to right: leafy greens in the US

West Coast, mixed farming in Brazil,
smallholder maize in Malawi, and oil
palm plantations in Indonesia). Colored
dots indicate farm locations within
each study. The commonly used 2-ha
threshold for differentiating smallholder
farming from farming that is less
reliant on subsistence was applied (45).

O (1) Large-scale winter wheat
@ (2) Large-scale winter wheat
@ (3) Large-scale maize

® (4) Large-scale mixed farming
@ (5) Large-scale mixed farming

O (9) Large-scale canola @ (17) Smallholder coffee agroforestry

O (10) Large-scale blueberry @ (18) Smallholder cocoa agroforestry

QO (11) Small to large-scale strawberry @ (19) Smallholder mixed farming

O (12) Small to large-scale strawberry @ (20) Smallholder mixed farming

© (13) Large-scale silvopastoral © (21) Smallholder maize

O (6) Large-scale mixed farming O (14) Large-scale coffee agroforestry © (22) Smallholder maize

O (7) Large-scale mixed farming @ (15) Smallholder coffee agroforestry © (23) Smallholder maize

O (8) Small to large-scale mixed farming @ (16) Smallholder coffee agroforestry O (24) Smallholder rubber/oil palm plantations

and one social outcome, and thus are inher-
ently interdisciplinary (mostly collected by ecol-
ogists and social scientists working together and
merging their “ways of knowing” and meth-
ods). Also, each dataset studied farm sites with
varying levels of diversification, including farms
without any diversification practices. Unlike
data synthesis approaches that extract values
from published materials, our data synthesis is

based on a participatory, iterative process, in-
cluding multiple group meetings and exchanges
with data contributors during all stages of var-
iable selection, data analysis, and result inter-
pretation. Although our sample size of 24 studies
would be relatively small for a standard meta-
analysis, it is ideal for an approach requiring
extensive interaction with data contributors
working across disparate geographies and

farming systems to confirm and contextualize
results. Fig. S5 provides an example illustra-
tion that we used to confirm and contextualize
results with data contributors who worked
with Malawian smallholders.

We first tested how agricultural diversifica-
tion strategies affected each of the six tar-
geted social and environmental outcomes. For
each of the five diversification strategies, we

!Department of Geosciences and Natural Resource Management, University of Copenhagen, Copenhagen, Denmark. 2Department of Ecology of Tropical Agricultural Systems, University of Hohenheim,
Stuttgart, Germany. 3Center for Biodiversity and Integrative Taxonomy (KomBioTa), University of Hohenheim, Stuttgart, Germany. “Department of Environmental Studies, University of Colorado Boulder,
Boulder, CO, USA. ®Better Planet Laboratory, University of Colorado Boulder, Boulder, CO, USA. ®Mortenson Center for Global Engineering and Resilience, University of Colorado Boulder, Boulder, CO,
USA. "Center for Global Change and Earth Observations, Michigan State University, East Lansing, MI, USA. 2Ecology, Evolution, and Behavior Program, Michigan State University, East Lansing, MI, USA.
°Department of Global Development, Cornell University, Ithaca, NY, USA. *°School for Environment and Sustainability, University of Michigan, Ann Arbor, MI, USA. Universidad Nacional de Rio Negro,
Instituto de Investigaciones en Recursos Naturales, Agroecologia y Desarrollo Rural, Rio Negro, Argentina. “Consejo Nacional de Investigaciones Cientificas y Técnicas, Instituto de Investigaciones en
Recursos Naturales, Agroecologfa y Desarrollo Rural, Rio Negro, Argentina. *Department of Physical and Environmental Sciences and Department of Global Development Studies, University of Toronto,
Toronto, Ontario, Canada. “Global Science, The Nature Conservancy, Fort Collins, CO, USA. **Centre for Sustainable Food Systems, University of British Columbia, Vancouver, British Columbia, Canada.
Bnstitute for Resources, Environment and Sustainability, University of British Columbia, Vancouver, British Columbia, Canada. Lendulet Landscape and Conservation Ecology, Institute of Ecology and
Botany, HUN-REN Centre for Ecological Research, Vacratot, Hungary. *Department of Plant Protection, Bogor Agricultural University, Jalan Kamper, Kampus Darmaga, Bogor, Indonesia. **Centro
Agrondmico Tropical de Investigacion y Ensefianza (CATIE), Turri Alba, Costa Rica. 2°Center for Research on Sustainable Agricultural Systems (CIPAV), Cali, Colombia. 2‘Department of Entomology,
Washington State University, Pullman, WA, USA. 2INRAE, EFNO Nogent-sur-Vernisson, France. Z*Department of Environmental Science, Policy, and Management, University of California, Berkeley, CA,
USA. 2*Department of Entomology, University of Kentucky, Lexington, KY, USA. ZFederacién Colombiana de Ganaderos (FEDEGAN), Bogota, Columbia. 2°Department of Plant Protection, IPB University,
Bogor, Indonesia. ’Federal University of Bahia (UFBA), Biology Institute, Salvador, Brazil. 2®Universidade Federal de Vicosa, Conselho de Ensino, Pesquisa e Extensao, Universidade Federal de Vicosa,
Campus Universitario, Vicosa, MG, Brazil. **Brazil Instituto Nacional de Pesquisas da Amazonia, INPA, Manaus, AM, Brazil. *°Environmental Change Institute, School of Geography and the Environment,
University of Oxford, Oxford, UK. *!Urban and Regional Planning Program, University of Michigan, Ann Arbor, MI, USA. 3Department of Agricultural Economics and Business, University of Dar es Salaam,
Dar es Salaam, Tanzania. **School of Public Health, University of Michigan, Ann Arbor, MI, USA. **Department of Wildlife, Fish, and Conservation Biology, University of California-Davis, Davis, CA, USA.
35Eco&Sols, Université de Montpellier, IRD, CIRAD, INRAE, Institut Agro, Montpellier, France. *®University of Toronto, Toronto, Ontario, Canada. *’Department of Sociology, University of Victoria, Victoria,
British Columbia, Canada. ®Department of Plant Ecology and Ecosystems Research, University of Géttingen, Géttingen, Germany. **Biodiversity, Macroecology & Biogeography, University of Géttingen,
Gottingen, Germany. “°Consejo de Salud Rural Andino, La Paz, Bolivia. “Department of Environmental Geography, Institute for Environmental Studies, Vrije Universiteit Amsterdam, Amsterdam,
Netherlands. “*Thiinen Institute of Biodiversity, Johann Heinrich von Thiinen Institute - Federal Research Institute for Rural Areas, Forestry, and Fisheries, Braunschweig, Germany. “*The Nature
Conservancy, Latin America North Andes and Central America Region, Bogota, Columbia. **Applied Ecology Graduate Program, Luiz de Queiroz College of Agriculture, University of Sao Paulo, Piracicaba,
Sao Paulo, Brazil. “®Department of Geography & the Environment, University of Denver, Denver, CO USA. *®Conservation Science Partners, Truckee, CA, USA. *’Center for Development Research (ZEF),
University of Bonn, Bonn, Germany. “®Department of Animal Ecology and Tropical Biology, Biocenter, Julius-Maximilians-University Wiirzburg, Wiirzburg, Germany. “*Leibniz Institute for the Analysis

of Biodiversity Change (LIB), Museum Koenig, Centre for Biodiversity Monitoring and Conservation Science, Bonn, Germany. *°Bonn Institute for Organismic Biology, Faculty of Mathematics and Natural
Sciences, University of Bonn, Bonn, Germany. *'The Organic Center, Washington, DC, USA. 52Sustainable Agrifood Systems, International Maize and Wheat Improvement Center (CIMMYT), El Batan,
Mexico. *Department of Entomology, University of Georgia, Athens, GA, USA. **Sustainable Use of Natural Resources Department, Institute of Social Sciences in Agriculture, University of Hohenheim,
Stuttgart, Germany. >°Department of Agroecology, University of Géttingen, Gottingen, Germany. *Farming Systems Ecology Group, Wageningen University and Research, Wageningen, Netherlands.
5"Department of Environment, Agriculture and Geography at Bishop's University, Sherbrooke, Quebec, Canada. **Department of Ecology, Swedish University of Agricultural Sciences, Uppsala, Sweden.
Institute for Resources, Environment and Sustainability, Biodiversity Research Centre and Department of Zoology, University of British Columbia, Vancouver, British Columbia, Canada.

*Corresponding author. Email: Ir@ign.ku.dk

tThese authors contributed equally to this work.

Rasmussen et al., Science 384, 87-93 (2024 5 April 2024 2 of 7

$20T ‘1€ AR UO KISIOATU[) [[OUIOD) J& SI0°AOUAIIS MMM//:SANY WOI) POpeO[UMO(



RESEARCH | RESEARCH ARTICLE

A Livestock diversification

02 02
03

D Non-crop diversification

‘ *

L 04
02

03

0.2
0.3

F Number of strategies

0.2
0.3

B Temporal crop diversification

E Water conservation

Corrected 14 May 2024. See full text.

C Soil conservation

0.2
0.3

Environmental outcomes

B Biodiversity
Ecosystem services
Reduced externalities

Social outcomes

. Human well-being
Food security
Yield

G Number of practices

H*

Fig. 2. Effects of agricultural diversification on environmental and social outcomes. (A to G) Agricultural
diversification strategies include livestock diversification, temporal crop diversification, soil conservation,
noncrop diversification, and water conservation. Flower diagrams indicate the effects of diversification
strategies on three environmental outcome variables (nonagricultural biodiversity, regulating ecosystem services,
and reduced environmental externalities) and three social outcome variables (human well-being, food security,
and yield). Also shown are the effects of the total number of diversification strategies (up to a total of five) and
their associated diversification practices (up to a total of 23, excluding livestock diversification) applied
(table S2). Effect sizes are measured in units of SD, with the black circle indicating an effect size of 0.0. The
size of the flower petals is proportional to the effect size; error bars indicate + 1 SE. Asterisks indicate
statistically significant effects of diversification strategies on outcomes (gray asterisks, P < 0.05; black asterisks,
P < 0.00119 using Bonferroni correction for multiple comparisons; 42 estimates).

identified the number of distinct practices
adopted by farmers at the field or farm level
that were recorded by each study. For exam-
ple, noncrop diversification included practices
such as windbreaks, flower strips, and hedge-
rows. In addition, we recorded the total number
of strategies (maximum of five) and the total
number of practices recorded by each study
(calculated by summing all practices applied
within each strategy). For example, a farm with
noncrop diversification in the form of hedge-
rows and flower strips, in combination with
soil conservation through application of green
manure and biochar, would score 2 for strat-
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egies and 4 for practices (fig. S1 shows exam-
ples of coverage of agricultural diversification
strategies within farms). We then modeled out-
come variables as a function of (i) the degree
of diversification of each strategy (i.e., the
number of practices used within each strat-
egy), (ii) the total number of diversification
strategies used, and (iii) the total number of
diversification practices applied across all
strategies (linear mixed-effects models with
study IDs as a random effect; see the materials
and methods and tables S12 and S13).

We also examined the effect of landscape
composition on diversification outcomes (figs.
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S2 to S4). To this end, we refitted the same
model set described above but allowed the ef-
fects of diversification strategies and practices
to differ depending on landscape composition
(interaction = diversification x composition).
We then compared the effects of diversifica-
tion for farms situated in cleared, simple, and
complex landscapes using the amount of semi-
natural habitat in a 3000-m radius as a mea-
sure of landscape complexity. We considered
cleared to mean that <5% of natural habitat
remains, simple that 5 to 20% remains, and
complex that >20% remains (25) (tables S8 to
S10). Farmers’ adoption of diversification strat-
egies occurred in our study through choices ra-
ther than experimental manipulation (fig. S6), so
this is a synthesis of observed associations on
real-world farms, not experimental field trials.

More diversification strategies or practices
are better

We found that applying a higher number of
diversification strategies or practices had a
greater likelihood of beneficial outcomes than
using individual strategies or practices. Specif-
ically, we showed that combining five diversifi-
cation strategies or practices had overwhelmingly
strong benefits across outcomes, with positive
effects especially on nonagricultural biodiver-
sity and food security (Fig. 2, F and G). Farmers
who integrated multiple strategies or practices
more likely experienced benefits for nonagri-
cultural biodiversity (effect sizes of 0.19 + 0.05
and 0.26 + 0.05 for strategies and practices,
respectively), moderate increases in human
well-being (effect size of 0.07 + 0.03) for num-
ber of strategies, and comparatively stronger
increases in food security (0.24: + 0.03 and 0.35 +
0.04 for strategies and practices, respectively).
Positive effects of diversification strategies
and practices on biodiversity were driven by
effects on large, but not small, farms (tables S11
and S12). This may be due to the availability of
stronger contrasts in management intensity
between large-scale simplified farms and similar-
sized farms that have adopted diversification
strategies (26). We also found that increases in
food security were driven by small farms, which
might suggest that new market opportunities
could be more beneficial than diversification
for food security on large farms (27).

All results for nonagricultural biodiversity
and regulating ecosystem services should be
taken with caution because these outcomes
were measured by only 11 and 12 studies, re-
spectively (table S9). Also, a potential criti-
cism of the type of analysis that we report
here is that hierarchical models place more
weight on studies with more observations.
Therefore, we also created a weighting scheme
in which we kept the total number of observa-
tions constant but artificially up- or down-
weighted studies so that all were equally
represented in the model fitting. In the equalized
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Fig. 3. Synergies and trade-offs among environmental and social outcomes
of agricultural diversification. (A and B) Methodological approach to identify
synergies and trade-offs based on the example of nonagricultural biodiversity and
crop yield. (C) Synergies and trade-offs for all pairwise combinations of studied
environmental and social outcome variables. (A) shows the effects of agricultural
diversification strategies on nonagricultural biodiversity and crop yield. Arrow tips are
located at the predicted change in nonagricultural biodiversity and crop yield,
respectively, with an increase of 1 SD of a given diversification strategy. The x-y
coordinates of the arrow tips are numerically similar to the effect sizes shown in
Fig. 2. The resulting arrow directions indicate trade-offs and synergies of diversification

Ecosystem services—Food security - ‘.

Ecosystem services-Yield -
Reduced externalities-Yield -

Reduced externalities—Food security

Ecosystem services—-Human well-being —
Reduced externalities—Human well-being

strategies, with arrows pointing in the upper right corner indicating win-win
outcomes, and arrows pointing in the other quadrants indicating either trade-offs
(top left quadrant, lose-win; bottom right quadrant, win-lose) or lose-lose (bottom
left quadrant) outcomes. (B) shows outcomes by diversification strategy. Circle
size is proportional to arrow length in (A) and indicates the effect strength, that is,
the conjoined change in nonagricultural biodiversity and crop yield with diversification.
In (C), colored circles indicate outcome combinations of environmental and
social outcome variables (black, win-win; orange, win-lose; blue, lose-win; green,
lose-lose). Circle size is proportional to the joint change of the paired environmental
and social variables.

model, we observed some difference in results
for specific outcomes (e.g., ecosystem services)
and diversification strategies (e.g., livestock
diversification); however, equalizing the in-
fluence of each study did not alter the key

Rasmussen et al., Science 384, 87-93 (2024

finding that multiple diversification strategies
and practices maximized benefits across envi-
ronmental and social outcomes (fig. S9). We
interpreted the results from both model sets as
suggesting that different outcomes, trade-offs,
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and synergies may be more present in differ-
ent contexts, but that the overall best strategy
to maximize environmental and social outcomes
is to apply multiple diversification strategies
and practices in tandem.
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Fig. 4. Landscape composition moderates the outcomes of agricultural diversification strategies. (A to F) Shown are standardized effect sizes (means and
95% confidence intervals) of the five diversification strategies and the total number of diversification strategies or practices applied, depending on the proportion of
seminatural habitat in a 3000-m-radius surrounding farms (cleared, <5%; simple, 5 to 20%; complex, >20%). When the confidence interval is not overlapping
with the O line, there is a significant effect in a given landscape.

Maximizing win-wins, minimizing trade-offs

We further examined the extent to which the
five diversification strategies might promote
pairs of environmental and social win-win out-
comes and also which are particularly prom-
ising for achieving paired benefits. Overall,
applying a high number of diversification strat-
egies or practices was associated with more
potential for win-win outcomes (Fig. 3, B and
C). Livestock diversification and soil conser-
vation were the two strategies that appeared
to consistently elicit multiple positive outcomes
(Fig. 2, A and C), especially win-win outcomes
of nonagricultural biodiversity and multiple
social outcomes (Fig. 3C). Half of the farms in
our study practiced some form of livestock
integration (14 studies surveyed farms with
livestock integration). Livestock diversifica-
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tion had the largest positive effect on food
security (0.23 = 0.03), which is more than four
times as large as the effect on yields. Livestock
diversification promoted nonagricultural bio-
diversity, but with a lower effect size than for
food security (0.16 + 0.04) (Fig. 2A). Soil con-
servation practices also promoted synergies
through gains in all three environmental out-
comes, accompanied by enhanced human well-
being and food security (Fig. 3C). Overall, three
of the five assessed agricultural diversification
strategies offered potential win-win outcomes
regarding food security and nonagricultural
biodiversity. Conversely, many national strat-
egies and programs focusing on agricultural
intensification did not achieve win-wins (28).

We also observed trade-offs, such as soil con-
servation practices leading to gains in biodi-
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versity but potential yield losses, although the
latter were not statistically significant (Figs. 2C
and 3, A to C). For noncrop diversification, we
did not observe a consistent positive effect on
biodiversity (Fig. 2D), potentially driven by di-
vergent responses of taxa. However, positive
effects on food security can readily arise from
such practices. For example, having trees on-
farm can support peoples’ diets by providing
edible products, including fruits, nuts, and leaves
(29-33). Five of our studies (corresponding to
810 farms) used dietary diversity scores (count-
ing the number of food groups consumed) to
proxy dietary quality, a key component of food
security and a metric likely to capture effects
of having trees on-farm (34). The positive ef-
fect of noncrop diversification on food security
was pronounced (0.21 + 0.08), almost twice
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the size as the negative effect of noncrop di-
versification on human well-being (Fig. 2D).
Explanations for this negative effect include
longer crop rotations or the implementation
of practices such as hedgerows, which could lead
to a smaller area planted with cash crops, po-
tentially leading to lower production and/or
higher labor demands. Although we did not
detect significant effects of single diversifica-
tion strategies on ecosystem services, several
large meta-analyses have shown strong pos-
itive effects of diversification practices on many
ecosystem services (12, 13).

Role of landscape composition in
diversification outcomes

The “intermediate landscape complexity hy-
pothesis” states that agricultural diversifica-
tion is unlikely to result in improvements in
cleared landscapes because the regional spe-
cies pool available to colonize crop fields and
provide ecosystem services is limited (25). Sim-
ilarly, in complex landscapes, diversification may
not lead to measurable increases in nonagri-
cultural biodiversity and/or ecosystem services
on farms because sufficient alternative resources
and habitats are already present in the farm
surroundings to support these species and
services. Instead, the predicted environmental
benefits from agricultural diversification strat-
egies are largest in simple landscapes con-
taining 5 to 20% of seminatural habitats or
noncrop areas (25). We tested this hypothesis
and found that landscape composition (the
proportion of seminatural habitats in a land-
scape) moderated the outcomes of agricultural
diversification strategies (see Fig. 4 and table
S10 for sample sizes). We observed that the
number of diversification strategies applied
had strong positive effects on food security
(Fig. 4E) in cleared landscapes, indicating ben-
efits even in landscapes lacking natural hab-
itat. However, we also observed positive effects
in complex landscapes. For example, livestock
diversification showed the strongest positive
effects on human well-being in cleared land-
scapes (Fig. 4D). However, although we found
positive social outcomes in cleared landscapes,
diversification practices there did not result
in positive environmental outcomes, which is
partially consistent with the hypothesis. Finally,
we observed that the number of diversification
strategies and practices applied had positive
effects on biodiversity in both simple and com-
plex landscapes (Fig. 4A). These results par-
tially agree with the intermediate landscape
complexity hypothesis, but indicate that diver-
sification strategies on farms can be beneficial
for biodiversity even in complex landscapes.

Outlook

At a time when the outlook for simultaneous-
ly improving and protecting the environment
and social conditions for farmers often seems
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bleak (2), our findings present a promising
avenue for shaping global agricultural policy
by showing how applying a suite of diversifi-
cation strategies or practices can create win-
win scenarios. Our results support the notion
that a diversified farming system is often more
beneficial than specific diversified farming
strategies or practices in isolation (13, 14). This
finding emphasizes the need for more explicit
evidence about which combinations of diver-
sification strategies and practices are most com-
plementary in different social and ecological
contexts. Most of our present findings, which
are based on working farm data, support the
growing body of literature linking agricultural
diversification strategies with better outcomes
for nonagricultural biodiversity and regulat-
ing ecosystem services without compromising
yields (12, 13).

Our study advances existing knowledge about
how diversification affects agricultural system
sustainability by (i) considering how a multi-
tude of diversification strategies, not just crop
diversification, may affect sustainability out-
comes (including both individual and com-
bined effects of diversification strategies); (ii)
examining how diversification influences mul-
tiple social and environmental outcomes while
highlighting trade-offs and/or synergies within
and between environmental and social out-
comes; and (iii) examining how landscape com-
position moderates the effects of diversification
on environmental and social outcomes. Thus,
we have moved beyond existing studies that
typically assess the effects of diversification
strategies in isolation and on selected output
variables (35-37), preventing the systemic un-
derstanding needed for informing policy de-
bates on how to produce food while maintaining
a safe operating space for humanity. By focus-
ing on agricultural working landscapes, our
work complements earlier studies examining
environmental and social trade-offs and/or syn-
ergies of protected areas (38) and considers
working land conservation approaches affect-
ing a broader area (39). Because we include
diverse datasets representing multiple world
regions, our flexible approach can be replicated
and expanded to incorporate additional data-
sets in the future.

How can and should policy-makers and prac-
titioners encourage the adoption of specific
types of diversified farming systems? Although
we recognize the benefits of diversification,
it is also critical to acknowledge that many
farmers are working “against the odds” (8).
Structural factors are often the main barrier
for adopting diversification practices, and in-
clude high land rents, the predominance of
short-term leases, stringent food safety regu-
lations, trade agreements exacerbating cor-
porate concentration in global food systems,
and other supply chain pressures (40). Tran-
sitions to diversified farming systems often
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require financial support because of potential
initial yield declines or implementation costs
(8). Indeed, current policies often lock in sim-
plified, conventional farming rather than en-
abling durable transitions to diversified farming,
and investments are needed to develop appro-
priate seeds, crop mixes and rotations, and equip-
ment to promote the profitability of diversified
farms.

Effective policies for encouraging the adop-
tion of diversification strategies and practices
likely vary with cropping system and region
and include incentives, regulations, and com-
bined approaches. The use of incentives can be
seen in the European Union, where farmers are
financially compensated on a per-area basis
(41, 42) for some diversification practices such
as noncrop plantings. Also, a recent synthesis
from Ghana shows that incentivizing noncrop
diversification has cascading positive effects
on adoption patterns (43). Regulatory mech-
anisms can be used for soil or water conserva-
tion through policies requiring farmers to use
diversification practices to reduce pollutants
on their farms (e.g., for water quality) (44).
Finally, the benefits of combining incentives
with regulatory mechanisms can be seen in
California, where increasing adoption of di-
versification practices on larger farms may
require supplementing the “pull” of incentives
with the “push” of regulatory mandates (44).

Our study suggests several contexts in which
desirable local outcomes occur most frequent-
ly, with a key example being the positive effect
on human well-being and food security from
applying a high number of diversification strat-
egies in cleared landscapes and on small farms
(table S12). However, researchers have much
more to discover about the variability of out-
comes that can occur across different agricul-
tural diversification strategies, landscapes, and
social contexts, and future work should use
quasiexperimental methods that control for
possible underlying differences between farm-
ers that choose more versus fewer diversifica-
tion strategies.

The future of agriculture faces great chal-
lenges: large increases in demand for agricul-
tural commodities must be met while at the
same time minimizing agriculture’s negative
environmental, health, and social impacts (2).
Our interdisciplinary analysis spanning a wide
array of regions provides convincing evidence
that agricultural diversification is a promising
win-win strategy for providing social and en-
vironmental benefits.

REFERENCES AND NOTES

1. J. Rockstrom, O. Edenhofer, J. Gaertner, F. DeClerck, Nat. Food
1, 3-5 (2020).

2. B. Carducci et al., Nat. Food 2, 68-70 (2021).

Z. Mehrabi, Nat. Sustain. 6, 949 (2023).

4. P. L. Pingali, Proc. Natl. Acad. Sci. U.S.A. 109, 12302-12308
(2012).

5. N. Ramankutty et al., Annu. Rev. Plant Biol. 69, 789-815 (2018).

w

6 of 7

$20T ‘1€ AR UO KISIOATU[) [[OUIOD) J& SI0°AOUAIIS MMM//:SANY WOI) POpeO[UMO(



RESEARCH | RESEARCH ARTICLE

Corrected 14 May 2024. See full text.

6. S.K. Jones, A. C. Sénchez, S. D. Juventia, N. Estrada-Carmona,
. Sci. Data 8, 212 (2021).

7. C. Kremen, A. lles, C. Bacon, Ecol. Soc. 17, art44 (2012).

8. J. Blesh et al., One Earth 6, 479-491 (2023).

9. J. Rosa-Schleich, J. Loos, 0. MuBhoff, T. Tscharntke, Ecol. Econ.
160, 251-263 (2019).

10. C. Kremen, A. Miles, Ecol. Soc. 17, art40 (2012).

11. C. Kremen, Emerg. Top. Life Sci. 4, 229-240 (2020).

12. D. Beillouin, T. Ben-Ari, E. Malézieux, V. Seufert, D. Makowski,
Glob. Chang. Biol. 27, 4697-4710 (2021).

13. G. Tamburini et al., Sci. Adv. 6, eabal715 (2020).

14. A. C. Sénchez, H. N. Kamau, F. Grazioli, S. K. Jones, Ecol. Econ.
201, 107595 (2022).

15. J. Hickel, S. Hallegatte, Dev. Policy Rev. 40, 12584 (2022).

16. J. D. van der Ploeg et al., J. Rural Stud. 71, 46-61 (2019).

17. A. E. Stratton, H. Wittman, J. Blesh, Agron. Sustain. Dev. 41, 35
(2021).

18. B. Maas et al., Trends Ecol. Evol. 35, 1049-1052 (2020).

19. Z. Mehrabi et al., One Earth 5, 756-766 (2022).

20. S. Gong et al., Ecol. Lett. 25, 1699-1710 (2022).

21. X. He et al., Nat. Food 4, 783-796 (2023).

22. A. A. Rakotomalala, A. M. Ficiciyan, T. Tscharntke, Agric.
Ecosyst. Environ. 356, 108617 (2023).

23. S. F. Bender, C. Wagg, M. G. A. van der Heijden, Trends Ecol.
Evol. 31, 440-452 (2016).

24. K. Moser, C. Ahn, G. Noe, Wetlands 27, 1081-1097 (2007).

25. T. Tscharntke et al., Biol. Rev. Camb. Philos. Soc. 87, 661-685
(2012).

26. R. Marja et al., Ecol. Lett. 22, 1493-1500 (2019).

27. F. Tacconi, K. Waha, J. J. Ojeda, P. Leith, Agron. Sustain. Dev.
42, 2 (2022).

28. L. V. Rasmussen et al., Nat. Sustain. 1, 275-282 (2018).

29. K. T. Sibhatu, M. Qaim, Food Policy 77, 1-18 (2018).

30. M. M. Kansanga et al., Soc. Sci. Med. 288, 113550 (2021).

31. R. Bezner Kerr et al., Glob. Food Secur. 29, 100540 (2021).

32. S. S. Snapp, M. J. Blackie, R. A. Gilbert, R. Bezner-Kerr,
G. Y. Kanyama-Phiri, Proc. Natl. Acad. Sci. U.S.A. 107,
20840-20845 (2010).

33. M. G. Khonije, J. Ricker-Gilbert, M. Muyanga, M. Qaim, Lancet
Planet. Health 6, e391-e399 (2022).

34. E. C. Vansant et al., People Nat. 4, 296-311 (2022).

35. S. Madsen, R. Bezner Kerr, L. Shumba, L. Dakishoni, Agroecol.
Sustain. Food Syst. 45, 197-224 (2021).

36. A. C. Sanchez, S. K. Jones, A. Purvis, N. Estrada-Carmona,
A. De Palma, Agric. Ecosyst. Environ. 332, 107933 (2022).

37. L. C. Ponisio et al., Proc. Biol. Sci. 282, 20141396 (2015).

38. P. J. Ferraro, M. M. Hanauer, K. R. Sims, Proc. Natl. Acad.
Sci. U.S.A. 108, 13913-13918 (2011).

39. L. A. Garibaldi et al., Conserv. Lett. 14, e12773 (2021).

40. L. Carlisle et al., Agroecol. Sustain. Food Syst. 46, 1145 (2022).

Rasmussen et al., Science 384, 87-93 (2024)

41. P. Batéry, L. V. Dicks, D. Kleijn, W. J. Sutherland, Conserv. Biol.
29, 1006-1016 (2015).

42. F. A. Boetzl et al., Proc. Natl. Acad. Sci. U.S.A. 118, 2016038118
(2021).

43. M. Isaac, H. Nyantakyi-Frimpong, P. Matous, E. Dawoe,
L. Anglaaere, Ecol. Soc. 26, art12 (2021).

44. K. E. Esquivel et al., Front. Sustain. Food Syst. 5, 734088
(2021).

45. V. Ricciardi, N. Ramankutty, Z. Mehrabi, L. Jarvis,
B. Chookolingo, Glob. Food Secur. 17, 64-72 (2018).

46. L. V. Rasmussen et al., Data for: Joint environmental and
social benefits from diversified agriculture, Dryad (2023);
https://doi.org/10.5061/dryad.1zcridfxw.

ACKNOWLEDGMENTS

We thank the anonymous reviewers for comments on a previous
version of the manuscript and our stakeholder advisory committee
chaired by S. Murphy (IISD) and consisting of 19 people
representing the following agencies and organizations: MOSES, the
GEF, IPES FOOD, NFU, NFFC, EFAO, FAO, CIFOR, McKnight
Foundation, Bioversity, NSAC, USDA, CATIE, TNC, and CIAT.
Funding: This work was supported by the National Socio-
Environmental Synthesis Center (SESYNC) under funding received
from the National Science Foundation (grant DBI-1639145 to

ZM. and C.K.) and by the UBC Research Excellence Cluster for
Diversified Agroecosystems. L.V.R. was funded by the European
Research Council under the European Union's Horizon 2020
Research and Innovation Programme (grant 853222 FORESTDIET).
|.G. was partially funded by the German Research Foundation
(DFG project number 532858005 GR 4844/4-1). C.L. was funded
by the European Union's Horizon 2020 research and innovation
program (Marie Sktodowska-Curie grant 796451 FFSize). J.B., A.J.,
L.H., and R.L. were funded by the Daniel and Nina Carasso
Foundation. P.B. was funded by the Hungarian National Research,
Development and Innovation Office (NKFIH KKP 133839). M.E.I.
was funded by the Canada Research Chairs program. S.R. and
1.S.D. were funded by the European Union (FP7 311781). C.K. and
D.K. were funded by the US Department of Agriculture (USDA
NIFA project 2015- 67019- 23147/1005662) and the CS Fund.
RBXK., C.BK, C.V, and I.S.D. were funded through the 2017-2018
Belmont Forum and BiodivERsA joint call for research proposals,
under the BiodivScen ERA-NetCOFUND program, and by the
Natural Sciences and Engineering Research Council of Canada
(NSERC grant 523660-2018), National Science Foundation (NSF
grant 1852587), German Federal Ministry of Education and
Research (BMBF grant 01LC11804A), and the Research Council of
Norway (grant 295442). C.MK. and 0.M.S. were funded by
USDA-NIFA-OREI grant 2015-51300-24155 and C.M.K. through the
USDA-NIFA-AFRI grant 12679452- 2019-67012-29720. D.J.L., AM.,
and H.P. were funded by The World Bank project Colombia

5 April 2024

Mainstreaming Sustainable Cattle Ranching (CMSCR-P104687),
FEDEGAN, CIPAV, TNC, and Action Fund, with financial support
from the Department of Business, Energy, and Industrial Strategy
of the United Kingdom (BEIS) and the Global Environment Facility
(GEF). Data collection in Indonesia was funded by DFG project
192626868 in the framework of the collaborative German—
Indonesian research center CRC990. C.S. was funded by the
European Union's Horizon 2020 research and innovation program
under agreement 727284 and was partially funded by the DFG
under Germany’s Excellence Strategy (EXC 2070-390732324).
Z.M. and M.H. and the ECOLIMITS project were funded through the
UK NERC-DFID-ESRC Ecosystem Services for Poverty Alleviation
(ESPA) program (grant NE/K010379-1) and NERC (grants
NE/P001092/1 and NE/P00394X/1). Z.M. was also funded by the
Biotechnology and Biological Sciences Research Council (grant
BB/J014427/1) and a Royal Geographic Society postgraduate
fieldwork award. Author contributions: L.V.R., |.G., ZM., and C.K.
designed the study. LV.R., I.G., ZM,, OM.S., JB., LAG., MEI,
C.MK., RBK., HW., C.L, and C.K. developed the code book. |.G.,
ZM., OMS., JB. LAG., MEI, CMK, RBK., HW., PB. RC.
JC., D.C., KD, KDM, KG, D.G, AG. PH, JH, LH, DJ, 1), AJ,
DK. MK, YK, CBK., SK, HK,RL, AL, RNM, PBM, AM,
SM, HNF, EM.O, JP.O, MQ., SR, AS., SS., WES., ISD,
AES., JM.T, V.V, C.V., and C.K. contributed to data collection
and/or data entry. L.V.R. and |.G. conducted the data cleaning and
data analyses with assistance from ZM., C.S., and C.K. LV.R.
and 1.G. wrote the first manuscript draft with contributions by all
authors. 0.M.S. designed Fig. 1. Competing interests: The authors
declare no competing interests. Data and materials availability:
The dataset that we compiled based on 24 case studies and
comprising 2655 farms is available in a Dryad repository (46). The
R code used to generate the results is available at Zenodo and
can also be accessed through Dryad (46). License information:
Copyright © 2024 the authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No
claim to original US government works. https://www.science.org/
about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adj1914
Materials and Methods

Supplementary Text

Figs. S1 to S10

Tables Sl to S13

References (47-91)

MDAR Reproducibility Checklist

Submitted 15 June 2023; resubmitted 1 September 2023
Accepted 28 February 2024
10.1126/science.adj1914

7of 7

$20T ‘1€ AR UO KISIOATU[) [[OUIOD) J& SI0°AOUAIIS MMM//:SANY WOI) POpeO[UMO(



