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Protecting forests and trees is essential for global agricultural productivity
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Balancing forest conservation and agricultural production is essential for a sustainable future.
Here we review the scientific evidence for the relationships between forests and agricultural
productivity across different scales, summarizing the contexts under which trees limit, maintain,
or enhance agricultural productivity. While synergies and trade-offs occur at local scales, a
regional-scale meta-analysis reveals mostly positive effects of forests and average national-
level agricultural productivity is projected to decline once forest cover loss exceeds ~48%, with
a 95% confidence interval [44, 50]. Given that 70% of countries have already reached or
exceeded this threshold, implementing targeted forest conservation and restoration policies
may be critical to optimize national food security. At a global scale, mass deforestation remains
a key threat to international food production.

In recent decades, there has been a growing awareness of the need to conserve and restore
natural areas in agricultural landscapes, including forests and wetlands, to tackle the joint threats of
biodiversity loss and climate change'2. However, despite growing political momentum for the protection
of these ecosystems?®45, progress is still extremely limited®”. A major challenge at the political level is
the concern that commitments to nature will come at the expense of agricultural productivity. For
example, the development of the landmark EU Nature Restoration law was entangled in a conflict with
the agricultural sector, with concerns that nature protection will limit the land available for agriculture in
the coming decades??.

The balance between natural forests and agriculture thus presents one of our greatest
sustainability challenges, as concerns grow about a possible trade-off between ecological integrity and
food production'®'. However, despite the widespread assumption that forests or woody landscape
features come at the expense of agricultural production®'2, empirical evidence does not support this
direct trade-off under all contexts and scales. A growing body of research highlights that, although
forests and farmland can't always coexist in the same small area (i.e. at the farm scale), integrating a
natural diversity of woody plants in landscapes with farms can enhance soil and water quality,
microclimate, and pollinator activity’314, leading to enhancement in yields in certain contexts!®. These
synergies between agriculture and forests are even more apparent at larger spatial scales'®-'8, where
the maintenance of forests is in fact essential for agricultural productivity. As such, the continued loss
of forests could jeopardize food production at national and continental scales, just as ecological
degradation destabilized human civilization in the past'®. Understanding when and where these benefits
occur may be critical for balancing environmental needs with the food demands of a growing population.

Despite the critical importance of this topic, we still lack a scientific consensus on the
relationship between forests or woody vegetation and agricultural productivity across spatial scales. A
considerable body of literature explores the local trade-offs and synergies between forests and
agricultural productivity, mostly in the tropics2?, but conflicting results in different regions have obscured
the search for unifying trends2'-25. In this review, we synthesize the scientific evidence for the
relationships between forests, trees, or hedges and agricultural productivity from local to global scales.
Using quantitative insights from large-scale yield datasets, modeling studies, and historical examples
of forest and tree removal, we summarize the contexts under which forests and woody vegetation can
increase, maintain, or decrease agricultural productivity.
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1. Ecological mechanisms of tree impacts on agricultural productivity

Plants compete for essential resources such as space, light, water, nutrients, and pollinators. This
competition can occur through direct mechanisms, like antagonism, or indirect ones, such as resource
exploitation?627, When competitive imbalance between species is high, the weaker species may risk
being displaced?62’. The existence of such competitive dynamics among plants has driven the
development of contemporary cropping systems where non-focal plant species, including trees, are
removed to minimize competition and enhance crop productivity.

However, while removing non-crop species can limit the negative effects of competition, it also
eliminates beneficial interactions, such as commensalism and facilitation, which are central to crop
production. In fact, coexistence theory suggests that when interacting species occupy distinct ecological
niches, positive interactions may outweigh the negative competitive effects2®. Such “niche dissimilarity”
is often large between crop plants and woody trees??:39, giving rise to a range of positive associations
that can enhance the productivity of both.

Importantly, the interplay between these positive and negative interactions is scale-dependent®!. Even
if competition may occur between species at smaller scales, the influence of direct competition
diminishes as we move to larger scales, such as entire farms or landscapes. At these broader scales,
the impacts of forests on crop development are expected to become more and more beneficial,
indirectly improving soil conditions, regulating temperature and moisture, and enhancing pollination
services. In the following sections, we explore the ecological mechanisms driving these indirect
interactions, focusing on how trees and forests influence agricultural productivity.

Soil and nutrient retention

Changes in soil health may be the most immediate and consistent impact of integrating trees within
agricultural landscapes?2. Trees contribute substantial organic matter to the soil through leaf litter and
root exudates. The resulting accumulation of soil organic carbon (SOC)33 facilitates the formation of soil
aggregates, improving soil structure and enhancing its ability to retain nutrients and moisture. A study
in northern Ethiopia found that under tree canopies, SOC, total nitrogen, available phosphorus, and
exchangeable potassium increased by 12-92%, 22-125%, 31-71%, and 32-152%, respectively,
compared to areas outside the canopy34. Comparable findings have been reported in several regional
and global meta-analyses35-37. This change in soil properties can directly affect crop yields. A meta-
analysis of 150 farms showed that for every 1% increase in SOC from external carbon additions, crop
yields increased by an average of 0.4%%.

Additionally, tree litter and root exudates provide essential resources to microbial communities,
including amino acids, sugars, and organic acids®. This leads to increased microbial biomass, which is
vital for nutrient cycling and soil structure formation, enhancing soil health in tree-integrated cropping
systems compared to sole cropping systems*92, In eastern lowa, USA, systems with trees had higher
microbial biomass stocks (1.70 Mg C and 0.24 Mg N per hectare) compared to conventional systems
(1.36 Mg C and 0.14 Mg N per hectare)*. Trees also help optimize fertilizer use and mitigate their
environmental impacts by decreasing nitrogen and phosphorus fertilizer residues by 20% to 100%43.
Overall, the integration of trees and crops can enhance soil health, provide soil stability against erosion,
increase nutrient availability, minimize the need for external fertilizers, and reduce the risks associated
with agrochemicals.

Microclimate

Trees influence microclimates in agricultural systems in three ways. First, they provide shade, reducing
surface temperatures and buffering against temperature extremes**-46. Second, their enhanced
evapotranspiration contributes to evaporative cooling*647. Third, trees offer protection from wind and
heavy rainfall*448. Tree’s buffering effects on temperature can be substantial, with great potential for
climate change adaptation in agriculture*®%. For example, individual trees in Ethiopian smallholder
wheat cropping systems and Ghanaian cocoa farms reduce maximum daily temperatures by up to 6°C
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and 7°C, respectively, compared to unshaded areas®'52, However, the impact of trees on agricultural
microclimates depends on factors like tree density, spatial arrangement, and tree species’ functional
traits#44549.53-55 Higher tree densities have been linked to greater buffering effects on temperature and
relative humidity in cocoa and coffee farms+*%53, while the effectiveness of trees as windbreaks is
determined by the height, length, density, and orientation of tree rows*4,

The microclimate changes can positively affect crops and pasture systems by maintaining optimal
growing conditions#957.58, |n temperate regions, trees can extend grazing seasons and enhance forage
growth5°. Additionally, providing shade for livestock reduces heat and cold stress, leading to better feed
conversion, increased weight gain, and higher milk yields®%-6'. However, certain tree species and
planting densities can cause excessive shading and increased evapotranspiration, potentially reducing
crop productivity by limiting light for photosynthesis and intensifying competition for water4:57.6263 For
example, in Ghanaian cocoa farms, tree species that reduced light by 32% had no negative impact on
yield, whereas trees reducing light by 88% adversely affected yield*®. Moreover, yield responses to
shading vary widely among crops and cultivars, depending on factors such as shade tolerance, farm
age, and local biophysical conditions*457:62, For example, in Belgium’s temperate alley cropping
systems—agricultural practices that involve growing rows of crops between rows of trees—maize,
potato, winter wheat, and winter barley yields were minimally affected by young tree rows, while
significant yield reductions were observed for maize and potato near mature trees 4. Similarly, in Coffea
arabica cultivars, increasing shade had mixed effects—ranging from no change, to decreases, to an
initial increase followed by a decrease at higher shade levels®2. These examples highlight the
complexity of tree’s impact on agricultural production, even within a single crop. Despite these
challenges, co-cultivation of trees and arable crops can be planned and designed to optimize
microclimate benefits for specific crops and cultivars, while minimizing negative impacts on productivity.

Pollination services and pest control

Forests harbor a greater diversity of pollinators than any other biome®5-%, making them essential for
stabilizing crop yields across both time and space®®-7'. The economic value of agricultural pollination is
estimated at US$195 to $387 billion annually’? — a figure likely underestimated given the rising
consumption of pollinator-dependent crops’s.

Trees provide diverse resources for pollinators, including flowers, resins, and nesting sites. In tropical
regions, mass-flowering trees support various important bee species’*75. Non-floral tree resources like
honeydew and sugary secretions’77 also benefit pollinators’79. Tree resins aid in bee nesting by
providing waterproofing and anti-parasitoid properties””, while old forest fragments offer nesting
sites®81, Tree leaves protect ground-nesting bees*® and extrafloral resources attract pest-controlling
animals®?, reducing pesticide use?384,

Landscapes with more than 20% natural forest cover have been shown to be particularly effective at
boosting the diversity of pollinators and pest controllers that enhance crop productivity®-8. Forest areas
near croplands, especially in regions with 20-40% forest cover, maximize pollination services®”-8. For
example, coffee yields in Costa Rica increased by 20% within 1 km of forests 8%, while in Colombia, the
presence of 15—-62% natural habitat within 500 m of crops increased fruit production by 39%%. Forested
landscapes also help reduce the spread of crop pests®!92, with studies from Germany® and Canada®
showing decreased herbivory and increased crop yields due to increased natural and semi-natural
areas.

Thus, restoring forest patches near croplands can significantly improve ecosystem services and crop
productivity, both locally and regionally®>%. In Brazil's Atlantic Forest, targeted restoration to locally
increase forest areas around coffee fields could potentially double production in half of the municipalities,
by enhancing pollination service®. Economic models suggest that the benefits of increased pollination
services from forest restoration could fully outweigh the costs, especially in areas already having at
least 10% forest cover?’.

Water quantity and quality



Forests regulate water yields in agricultural watersheds, depending on ecosystem type and spatial and
temporal scales®. Forests increase water interception and soil infiltration during storms while
maintaining the streamflow in dry seasons, mitigating the impacts of both droughts and floods®:99, with
direct impacts on agricultural production. For instance, a 10% rise in upstream forest cover in the
Brazilian Amazon led to a 3.2% increase in milk production due to improved water regulation, which
enhanced pasture availability and cow health'%, However, in dry regions, large tree plantations can
reduce water yield, though evidence suggests that intermediate tree cover in the dry tropics can
increase groundwater recharge'?!. Restoration projects must therefore consider the natural vegetation
of the watershed’%2. Forests also contribute to atmospheric moisture through evapotranspiration,
influencing precipitation patterns vital for agriculture, and benefiting downstream and downwind
agricultural areas®:103104 Degraded Amazon forests exhibit reduced evapotranspiration (2 to 34%),
impacting dry-season water availability'°5. Reducing deforestation in the Amazon is key to maintaining
rainfall levels, preserving agricultural productivity, and avoiding projected annual agricultural losses of
up to US$ 1 billion by 2050196,

Agriculture impacts water quality through runoff and leaching, where rainfall and irrigation water carry
nutrients, pesticides, and sediments into nearby water bodies. Forests enhance water quality by
reducing runoff, filtering pollutants, preventing sedimentation, and maintaining water clarity'07-109, |n
Southeast Asia, protecting 114 million ha of forests could prevent 2.9 Mt of nitrogen pollutants from
affecting agricultural lands and water bodies'°. Similarly, restoring riparian forests in agricultural
watersheds in the Atlantic Forest of Brazil can reduce river nitrogen by 23% and soil loss by 20%'"-112,
By improving water quality, forests reduce water treatment costs, encouraging sustainable agricultural
practices such as conserving native vegetation in agricultural properties13.114,

2. Local scale
Trade-offs between trees and agriculture

The trade-offs in land use between forests and agriculture may be most apparent at the level of
individual farms. Of course, it is rarely possible to maximize agricultural production if the land is
dominated by a diverse forest. As such, in most high-income countries, arable crops are typically not
cultivated together with trees at the farm level'>. To avoid competition for resources, agricultural
development in these regions usually results in the exclusive cultivation of either crops or trees within
managed settings. Under these contexts, co-cultivation can be challenging, particularly in regions where
agriculture is highly dependent on machinery for industrial-scale land management.

The industrialization of agriculture (notably after 1945) was a result of the conversion of “family farms”
into large commercial enterprises with an emphasis on monocultures'. Industrialized agriculture has
become highly mechanized, leading to larger, uniformly organized farms''” and lower food prices. This
mechanization, which includes the use of fertilizer spreaders, field sprayers, combine harvesters, and
ploughs, requires unobstructed, treeless fields to achieve optimal productivity''®. As agricultural
machinery has increased in size, trees have been systematically removed from arable cropping
landscapes in many industrialized countries®.

Now that agricultural systems have been adapted to large-scale monocultures, reintroducing trees to
arable fields is challenging. Although scientific studies and on-farm case studies have shown the
ecological and economic advantages of integrating trees with arable crop systems, the adoption of such
practices remains challenging because it can reduce the efficiency of agricultural processing. Several
factors contribute to this reluctance®+120.121: i) high implementation costs, ii) inadequate financial
incentives for providing ecosystem services, iii) market prices for products from trees are often not
higher than those from non-mixed cultivation, iv) lack of education and awareness about the benefits of
co-cultivation, and v) insufficient field demonstrations, which are far more convincing to farmers than
scientific papers.

The uptake of co-cultivating trees and arable crops is more successful in the Global South, where such
practices have not been fully abandoned, making markets more receptive'?2. Additionally, lower labor
costs, smaller field sizes, and less mechanization facilitate the adoption of these practices. However,
industrialization has more recently become the dominant driver of forest loss in the Global South. The
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expansion of commodity crops such as oil palm, soy, and cattle has led to permanent conversion of
forests and other tree-based systems, making the re-establishment of co-cultivation of trees and crops
more difficult23,

Synergies in agricultural systems with trees

While trees and crops may compete for space and resources, leading to direct trade-offs in arable
farming, this relationship can become synergistic at the whole-farm level. Niche differentiation between
trees and crops often allows for positive, facilitative interactions in many contexts. The most famous
example of this is agroforestry’?4, which includes both the establishment of trees on farmland and the
introduction of livestock and crops into forests to maximize synergistic interactions between the tree
and non-tree components.

Trees within agroforestry practices serve various roles. They can provide environmental protection for
agricultural components and beyond (e.g. windbreaks, shade trees), enhance agricultural productivity
directly (e.g. nitrogen-fixing trees, shrubs, or mulch to improve soil conditions for annual crops, tree
fodder for livestock, resources for pest controllers), and produce farm outputs including fruits, nuts,
fuelwood, and timber'24. While the focus is usually on the benefits that trees bring to the agricultural
components, the trees themselves can also benefit from crop husbandry and livestock interactions,
such as pest and weed control and fertilization from animal manure.

Agroforestry systems can be categorized based on their components: silvoarable systems (trees with
crops), silvopastoral systems (trees with animals), and agrosilvopastoral systems (trees with crops and
animals)'25. Within these overarching systems, agroforestry practices can be further classified
according to the balance, integration, and spatial arrangement of the components (trees/shrubs,
livestock, and/or annual crops, Figure 1). Each of these approaches can have benefits for increasing
agricultural production, but the social or ecological context will strongly determine which system is most
appropriate and effective for a given region.

FOREST FOREST
GRAZING FARMING

Fig. 1. Agroforestry practices vary in their balance of the tree, animal, and temporary crop components
(adapted from Burgess and Rosati, 2018"%).

Balancing synergies and trade-offs

There is a growing political movement (e.g. European Green Deal'?’) to maintain a wide range of
ecosystem services from landscapes. Hedges, shrubs, and trees in farmland are essential elements to
fulfill these functions. They are known to provide and protect natural resources (soil'28, water29.130,
air'3"), safeguard biodiversity, enable recreation, enhance the landscape’s aesthetic value'3?, and
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protect against hazards (e.g. landslides, floods). However, economic comparisons of landscapes with
and without trees and hedges often lack evidence of the associated costs, benefits, and risks 33134, This
is because private benefits (marketable products such as crop yields) are accounted for, while the public
benefits (provision of ecosystem services such as water quality) are rarely identified or capitalised’33.134,

Plot-scale agroforestry practices can be evaluated with the Land Equivalent Ratio (LER), which
measures the productivity of mixed-species systems (crops and trees) compared to monocultures?ss,
An LER greater than 1 indicates higher productivity in the mixed system. For instance, a LER of 1.4
means that a 100-ha agroforestry farm produces as much crop and tree products as a 140-ha farm
where trees and crops are separated. In temperate zones, long-term experiments (10 to 30-year
duration) show that poplar-based and walnut-based alley-cropping systems exhibit LERs between 1.2
and 1.6'%.1%7 indicating significant yield gains. Some agroforestry systems mixing fruit trees and
herbaceous crops display LERs as high as 238, In the tropics, long-term experiments are not yet
available, but short-term measurements (less than 10 consecutive years) suggest high productivity in
agroforestry systems'39-141 with LERs up to 1.8 recorded for teak and maize systems'4!.

While these LER studies indicate that agroforestry usually outperforms monocultures, the limited
number of available LER data makes it challenging to draw general conclusions at the biome level.
Furthermore, LERs evaluate the combined vyields of trees and crops, rather than directly comparing
crop yields in agroforestry with those in monocultures. Indeed, when comparing crop yields alone,
results vary depending on location, climate, management, and tree and crop species involved. For
instance, crop yields tend to increase in tropical and arid regions 2122, while in temperate zones,
decreases in arable yields or product quality have sometimes been observed?3, with mostly neutral
effects on grass yields?425. These variations can be attributed to a delicate balance between competition
and facilitation processes in agroforestry systems. While resource competition between trees and crops
is always happening, facilitative interactions are more sporadic, occurring only under specific conditions,
which leads to an unstable balance between negative and positive effects42. This explains why different
outcomes can be observed from year to year at the same site or between locations*3-145, For example,
tree shade can either benefit crops by mitigating excess light or reduce yields in cloudier climates46,
Water and nutrient sharing are generally less affected, due to the plasticity of root systems and the
niche differentiation?%:3°. Typically, tree roots can access deeper resources that crops or pastures
cannot, although the reverse can occasionally occur?4”.148, Consequently, agroforestry systems should
be carefully tailored to the specific site and crop requirements, with a focus on maximizing positive
facilitative interactions.

Recent studies suggest that agroforestry at the field level can compete with conventional agricultural
land use not only in tropical and dry regions but also in temperate zones, especially when environmental
benefits are included in the overall assessment!*®. This indicates that agroforestry can provide farmers
with similar or even higher income, along with greater long-term production stability, compared to
monoculture systems™59, However, so far only carbon storage in biomass and soil'5'.152, as well as early
examples of water conservation'??130 have been successfully translated into direct monetary benefits
or income for farmers.

When accounting for both public and private benefits, landscapes with trees are economically and
environmentally more advantageous than those without?553, Furthermore, the positive impact of trees
and hedges on agricultural productivity could help reduce the economic gap between payments for
landscape conservation and agricultural revenues, particularly in large-scale farming operations.

3. Regional scale

Although local scale impacts are primarily influenced by direct interactions between trees and crops,

regional—landscape to national—scale implications are subject to a wider variety of interacting factors.

Broader climatic patterns, landscape connectivity, and regional biodiversity interactively determine the
effects of trees on agricultural productivity. At the regional scale, forest cover can enhance ecosystem
services such as water regulation®.:99, pest control, and pollination® across large agricultural areas,
leading to increased agricultural yields. Moreover, the regional interplay between forests and agriculture
often reflects complex socio-economic and policy dynamics, necessitating a more integrated approach



336
337

to land-use planning that balances conservation efforts with agricultural needs .

Impact of forest cover on agricultural yields

Although agricultural expansion is a key driver of deforestation'?3, recent regional-scale studies show
that agricultural productivity does not always come at the expense of forest conservation. To explore
these dynamics, we collected 56 observations from 14 sites worldwide by searching published articles
on the Web of Science and Google Scholar using the keywords “forest” and “agricultural/cropland
productivity” (Fig. 2 and Supplementary Data 1). Our analysis revealed that 87% of the sites
experienced a decrease in agricultural productivity (ranging from 2.8% to 55.1%) following forest cover
loss. Conversely, increases in forest cover led to an increase in overall landscape-scale agricultural
productivity in 95% of the reported cases, with productivity gains ranging from 0.4% to 79.5%. This
positive relationship between forest cover and agricultural yields is shown in positive Y:F ratios, which
represent the percentage yield change relative to the percentage change in forest cover. Our findings
suggest that the relationship between forests and agriculture at the regional scale is more synergistic
than competitive, highlighting the potential for forest conservation to coexist with and even enhance
agricultural productivity.
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Fig. 2. Observed relationship between forest cover and yield changes across study sites. Boxplots showing
the observed Y:F ratio (percentage yield change relative to percentage forest cover change) across 14 study sites.
The y-axis displays the study sites, identified by site name (if available), country, and article ID for cases where
multiple studies were conducted in the same country. Positive Y:F values indicate a positive correlation between
yield changes and forest cover, whereas negative values reflect a decrease in yield with increased forest cover.
Refer to Supplementary Data 1 for a complete list of the articles used in the analysis.

Studies have shown positive associations between forest cover and agricultural productivity in countries
with high deforestation rates and a strong dependence on agriculture, such as Brazil'81%5, Ethiopia'®,
Indonesia'’, and Malawi'%". In the Brazilian Amazon, forest conservation policies reduced deforestation
by 45-56% and increased cattle productivity by 14—36%"8. Furthermore, forest conservation in Brazil
has been identified as a more significant factor in improving coffee yields than climate, topography, and
management practices'®. In Indonesia, deforestation led to a significant 45% decline in local
agricultural productivity between 2001 and 2014, which translated to a production loss of $26.3 billion
in 2014 "7, The study suggests that mitigating deforestation could enhance agricultural productivity, with
a 1% reduction in forest clearing potentially increasing agricultural productivity by 3.7%, highlighting the
critical role of forests in supporting regional agricultural output'”. The Aynimbrkekn region in Ethiopia
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stands out with an exceptionally high Y:F value (Fig. 2). Despite suffering extensive deforestation, which
led to reduced crop yields'®, large-scale eucalyptus planting initiatives in the 1980s kept local tree
cover constant and led to high Y:F values.

In European countries, where there is less pressure to convert forests into agricultural land, a positive
relationship between forest area and agricultural productivity has also been observed. A 1% increase
in forest area led to a 3.1% rise in price-weighted agricultural production for cereals and a 0.6% increase
for vegetables and fruits'®0. However, when livestock products were included, the effect of forest cover
ranged from neutral to slightly negative 60,

The positive association between forest cover and agricultural productivity may be partly attributed to
the lower productivity of newly converted farmlands'®'. In fact, one-third to one-half of newly cleared
forests for agricultural use often remain unused, due to human-related factors such as conflicts over
land tenure and deteriorating markets as well as ecological factors such as land degradation and
changes in local climate, which create unsuitable conditions for agricultural production6'.

4. Global scale

Over the past two decades, global cropland expansion has nearly doubled, with half of this growth
coming at the expense of forests, particularly in the tropics’. Between 2011 and 2015, agriculture was
responsible for at least 90% of tropical deforestation'®!. Despite international commitments to end
deforestation, agricultural expansion persists'23, with 4.1 million hectares of forest lost in 2022 alone,
predominantly in tropical regions62.

The large-scale loss of natural forests, as seen in modern times, has historically reduced agricultural
productivity and, in extreme cases, led to societal collapses. Figure 3 highlights historical examples
where changes in tree cover significantly impacted climate and societies. During the early stages of
Earth’s history, around 3.3 billion years ago, the atmosphere was primarily composed of CO2and CHea,
leading to much warmer conditions than today'63.164, The evolution of trees and the development of
forest ecosystems helped reduce CO: levels, cooling the planet and creating more habitable
conditions65,

However, the emergence of Homo sapiens brought significant environmental changes, particularly
through deforestation. Historical examples, such as the collapse of Ancient Greece 9%, Mayan
civilization and Easter Island "9, and the Dust Bowl in the USA'%7, serve as stark reminders of how
deforestation led to catastrophic outcomes. These cases illustrate the potential consequences of forest
removal and highlight the critical need for sustainable resource management to ensure agricultural
productivity and societal resilience. To put it simply and starkly, “without forests, there would be no
human beings” 168,
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Fig. 3. Timeline of historical examples related to the emergence and removal of forests and their impacts
on societies. This timeline highlights events in history where deforestation and environmental degradation
significantly affected human societies. Historical examples include deforestation in Neolithic Greece, the Mayan
civilization, the Anasazi of the American Southwest, Easter Island, and Norse Greenland. More recent examples,
such as the Dust Bowl in the USA and the growing flood risks due to urbanization, underscore the recurring pattern
of environmental degradation leading to societal challenges. These events emphasize the importance of balancing
agricultural productivity with the preservation of forests and ecosystems. (Image source of Dust Bowl in the USA:
https://photolib.noaa.gov/Collections/National-Weather-Service/Meteorological-
Monsters/Dust/emodule/647/eitem/3001)

SIS

Global empirical relationship between yields and forest cover loss

Drawing from local and regional studies on the relationship between forests and agriculture, we
introduce a theoretical framework to describe how forest loss impacts agricultural yields in countries
with natural forests (Fig. 4a). In regions where most forests remain intact, clearing forests is often
necessary to create space for agriculture. In contrast, in regions where natural forests have already
been heavily removed, the impact of further deforestation depends on agriculture’s reliance on
ecosystem functions provided by forests. If agriculture has a low dependency on forest-related
ecosystem functions, such as soil quality, climate regulation, and pollinators, further deforestation may
continue to boost yields. At medium levels of dependency, yields may stagnate as ecosystem functions
decline. In highly dependent systems, further forest loss could reduce yields. Under this system, forest
loss is expected to have opposite effects in largely intact versus highly deforested countries, with a
tipping point marking the transition between these extremes (Fig. 4a). This yield prediction aligns with
previous findings that provisioning services, such as agricultural production, increase up to a certain
biodiversity threshold, after which they begin to decline6°170,

To test these hypotheses, we analyzed country-level cereal yield and forest cover data from 1990 to
2020, sourced from FAOSTAT ''. We focused on countries that experienced more than a 10% change
in forest cover during this period, resulting in a selection of 22 countries, mostly located in the Global
South. Using the potential tree cover map from Bastin et al. (2019)'72, we estimated how close each
country’s actual tree cover in each given year is to its potential tree cover. We applied a mixed-effects
model using a natural cubic spline term for relative forest cover loss to test whether there was a non-
linear relationship between area-normalized yield and forest cover loss across countries (see
Supplementary Methods).

Our findings strongly support the unimodal theory of nature's limits (Fig. 4b). Specifically, in countries
with low forest cover loss, further deforestation was associated with increased agricultural yields.
However, yields peaked when approximately 44% to 50% of forest cover had been lost (95% confidence
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interval), with a median peak at 48%. Beyond this point, yields began to decline as forest loss continued.
This ~48% of forest loss threshold may represent a global tipping point, where trade-offs between forest
cover and agricultural productivity turn into synergies. However, only a small number of countries have
fully crossed this tipping point, indicating that our identified tipping point is a projection derived from
current trends rather than actual observed data. While this threshold may vary by country, depending
on factors like climate, agro-ecology, and country size, our analysis suggests that approximately 70%
of countries had already surpassed their optimal forest loss level for agricultural productivity by 2020
and are likely to experience yield reductions with further deforestation (see Supplementary Data 2 for
the full list of the investigated countries).

Fig. 4c shows country-level Y:F ratios from 2000 to 2020 based on forest cover and cereal yield data
obtained from FAOSTAT'"'. A positive Y:F value indicates that forest cover and yields either increased
or decreased together during this period. For example, most European countries and the United States
display positive Y:F values. By contrast, negative Y:F values, for example in Canada, indicate that forest
cover and yields followed opposite trends. Indeed, Canada’s high negative Y:F value is likely due to its
very low forest cover change (< 0.1%) during the investigated period. Some countries, such as Brazil,
show very low |Y:F| values, ranging between -0.2 and 0.2, indicating little to no change in the
relationship between forest cover and yields.
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Fig. 4. Relationship between forest cover and agricultural yields. a, Theoretical agricultural yield pattern by
percentage forest cover loss. In regions with low forest loss, deforestation can increase agricultural yields by
expanding land for agriculture. However, in regions with significant forest loss, the effects of further deforestation
on yields can vary. Additional deforestation may lead to increased, maintained, or reduce yields depending on
agriculture’s dependency on the ecosystem functions provided by forests, such as soil quality, climate regulation,
and pollination. A tipping point is reached when forest loss begins to harm yields more than the gains from farmland
expansion. b, Agricultural yield relative to forest cover loss, modelled using a linear mixed-effects model with natural
cubic spline applied to forest cover loss. The modified yield is an adjusted version of cereal yields that accounts for
the partial effects of relative forest cover loss, while controlling for yearly trends and country-specific variations.
Relative forest cover loss represents the percentage difference between a country’s potential forest cover'’? and
its actual forest cover'”!. Each data point is color-coded to indicate the respective country. See Supplementary
Methods for detailed methodology and visualization of country-specific relationships. ¢, Country-level Y:F ratio from
2000 to 2020, where Y:F reflects the percentage increase in agricultural yields per 1% increase in forest cover.
Negative Y:F values (blue) indicate reduced yields with increasing forest cover, while positive Y:F values (red) show
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yield gains. Gray areas indicate insufficient data for analysis.

Impact of deforestation on global food security

Deforestation has significant impacts on global food security, primarily through soil erosion, climate
change, and biodiversity loss. Globally, soil erosion displaces 2.5 Pg C annually'”3, and a meta-analysis
of tropical deforestation sites shows that deforested areas experience a topsoil carbon decline of 21%
to 58% within 10 to 100 years'4. Soil quality also deteriorates gradually after deforestation'”4-177, with
potential impacts on crop growth. Future projections indicate that high-income countries with significant
fertilizer use may experience less soil erosion, while low- and middle-income countries in tropical and
subtropical regions, such as Africa and South and Southeast Asia, are expected to see a significant
increase'’8,

Deforestation also exacerbates climate change by releasing carbon stored by trees into the atmosphere
and changing rainfall and temperature patterns. In 2022, deforestation resulted in 2.7 Gt of CO:2
emissions'62, contributing to intensifying global warming. Even if global commitments limit warming to
1.5°C — a target now accepted as unachievable — an estimated 8% of current farmland will become
inhospitable to crop production82, This is likely to open up new forest frontiers for agriculture, resulting
in more deforestation and concomitant biodiversity loss'7?, further accelerating climate change. Extreme
local warming from deforestation'8 also threatens crop yields'®' and exposes outdoor workers to
dangerous heat levels'82. Moreover, converting tropical forests to agriculture increases fire risks
fourfold'83, further jeopardizing agricultural productivity and the safety of local communities. Finally,
climate change also impacts food security by lowering the micronutrient content of many cereal crops
and legumes'®4, affecting nearly two billion people who rely on these crops for essential minerals 185,

Predicting the impact of deforestation on biodiversity loss and food production is challenging due to the
intricate relationships between biodiversity and ecosystem services'. However, continued tropical
deforestation is projected to “precipitate a mass extinction event over the next couple of centuries” 7.
This would disproportionately impact smallholder low-input farming, the backbone of global food
security '8, as such systems rely strongly on ecosystem services linked to biodiversity'8°. While high-
input commercial farming may initially seem less vulnerable due to the reliance on synthetic/inorganic
inputs, these systems will likely still suffer from losses in key ecosystem services such as pollination
and natural pest control.

The loss of biodiversity also directly impacts food security by reducing access to wild foods, such as
fruits, vegetables, and mushrooms, which provide essential nutrients and support dietary diversity for
many rural communities'®. In tropical regions, wild meat harvested from forests supports around 150
million households'®!. More generally, the ongoing decline in agrobiodiversity is narrowing the genetic
base of our global food systems'92, increasing society’s vulnerability to food insecurity. Numerous
examples show the dangers of monoculture farming, where genetic uniformity has led to crop failures
and famines'%,

Conclusion

Trees and forests influence food security at multiple scales. At the local scale, despite the apparent
trade-offs between forest and farmland, integrating agroforestry practices has shown promising results,
especially in tropical and arid zones?2!22.13%-141_|n temperate regions, agroforestry often enhances the
combined yields of trees and crops, though individual crop yields can drop due to the unstable balance
between competition and facilitation. Effective agroforestry design and management that maximize
synergistic interactions are key to overcoming these challenges.

At the regional scale, the balance between synergies and trade-offs tends towards positive impacts of
forests on agriculture. Many quantitative studies have demonstrated positive relationships between
forest cover and agricultural productivity in countries such as Brazil'®'%%, Indonesia'?, Ethiopia'®¢, and
across Europe'®. These findings indicate that maintaining or restoring forests can enhance food
security at broader scales. Our data visualization approach further supports this conclusion, revealing
that, on average, agricultural yields are projected to decline once forest cover loss exceeds around 48%.
Beyond this tipping point, agricultural systems lose the ecosystem services provided by natural forests.
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Given that almost 70% of countries have surpassed this threshold of forest degradation, implementing
targeted forest conservation and restoration policies is critical to ensure food security in these regions.

Promoting diverse, natural mixtures of trees, rather than large monoculture plantations, is essential for
maximizing the services provided by forests, including soil health, climate regulation, pollination, and
pest control. Mixed natural forests enhance ecosystem resilience and ensure a stable provision of
ecosystem services critical for agriculture'®. In contrast, monoculture plantations are often less resilient,
more vulnerable to disturbances'®, and reduce water resources for crops'%2, thereby increasing the risk
of crop failure and lowering productivity. To sustain long-term agricultural productivity and food security,
it is crucial to protect natural forests and implement diverse agroforestry systems that incorporate a
variety of tree species.

At large scales, from national to global, the positive relationships between forests and agriculture
highlight the complexity of balancing local land-use conflicts with broader food security goals. Targeted
land-use policies are needed to maximize the synergies between forests and agricultural systems
across different regions. With the global population currently over 8 billion and expected to grow by an
additional 2 billion by mid-century, ensuring access to nutritious, safe, and sufficient food is critical 19-
198, To secure agricultural productivity for current and future generations, it is essential to prioritize the
conservation and restoration of natural forests and trees across the globe.
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Supplementary Methods

Supplementary Methods for Figure 4b
Data

We used country-level cereal yields and actual forest cover data for each year from 1990 to
2020 from FAOSTAT! and the 30-arc-sec restoration potential of the tree cover map published
by Bastin et al. (2019)2. To calculate the country-level maximum amount of forest cover, we
first used the potential tree cover map?2. We filtered only pixels with more than 10% of tree
cover and calculated the total area of these pixels within each country using Google Earth
Engine®. The total area of filtered pixels on the total area of the country

(Total area of pixels with more than 10% of tree cover) represents country-level potential forest cover
Total area of country !

which we consider the maximum amount (100 %) of forest cover that one country can have.

Then, we calculated the country-level relative forest loss (%) from this maximum for each year
from 1990 to 2020 with the following equation:

Potential forest cover—actual forest cover

Relative forest loss (%) = x 100 Q)

Potential forest cover
Four countries, Micronesia, Turkmenistan, Kuwait, and the United Arab Emirates, showed
higher actual forest cover compared to potential forest cover and were thus excluded. These
countries are small islands or generally occupied by desert, so we concluded that filtering out
these countries would not impact our global analysis. Since we aim to address the relationship
between forest loss and agricultural yields only for countries that can support natural forests,
we also excluded all other countries with less than 30% of potential forest cover.

Modelling

To test the proposed unimodal theory of nature’s limits (Fig. 4a), we applied a linear mixed-
effects model to analyze the relationship between cereal yields and relative forest loss using
the R Ime4 package®. To capture a flexible non-linear relationship between these two variables,
we used a natural cubic spline for forest loss. The model also included the year variable, which
is a numeric variable representing the year of observation from 1990 to 2020, as a control
variable assuming its linear effect on yield to account for temporal trends in yield; it also
included country as a random effect to control for country-level variability. The model was
specified as follows:

yield ~ ns(forest loss) + year + (1 | country) Q)

To assess potential multicollinearity between forest loss and year, we calculated the
Generalized Variance Inflation Factor (GVIF) for these predictors. The GVIF values for both
variables were approximately 1, indicating no significant multicollinearity between these
variables. Therefore, both predictors were included in the model. To guarantee that the model
accurately analyzes yield trends by relative forest loss within each country, we included only



countries with at least 10% changes in relative forest loss between 1990 and 2020, resulting
in 22 countries (Supplementary Table 1).

We identified the best-fitting model via the Bayesian Information Criterion (BIC). The BIC of
the model continuously decreased as the degrees of freedom for the spline increased.
However, the biggest decline was from the degree of 1 to the degree of 2 (75). From the
degree of 2, the BIC decrease was comparatively minor (less than 22 when investigated until
the degree of freedom of 10). We thus decided to retain the model with the degree of freedom
of 2. This final model showed BIC 13719 with Pseudo-R? 0.93 (total) or 0.10 (fixed effects).
The model showed a lower BIC compared to the same model without the random effect of
country (with a BIC decrease of 1606), the fixed effect of year (with a BIC decrease of 405),
and both effects (with a BIC decrease of 1641). Therefore, these variables were retained in
the final model. This model exhibited an unimodal pattern, indicating a peak in cereal yields at
a specific level of forest loss.

To estimate the location of this tipping point while accounting for the uncertainty, we employed
parametric bootstrapping with 1000 iterations. Predictions were generated from the spline
model using R bootMer® and predict® functions. The 95% confidence intervals for the forest
loss values corresponding to the maximum predicted yield were determined by calculating the
2.5 and 97.5™ percentiles of the bootstrapped predictions.

Additionally, to visualize each data point and the average relationship between relative forest
loss and yields together, we created a modified version of the yield variable based on the
partial effect of forest cover loss, by applying the R remef function’ to our model (Equation 1).
This modification allowed us to isolate the relationship between forest loss and yield while
controlling yearly trends and country-specific variations, all while retaining the residuals of the
data. We then visualized the relationship between relative forest cover loss and modified yield
(Fig. 4b). Furthermore, to analyze country-specific relationships, we applied the locally
weighted scatterplot smoothing (loess) method, which produced distinct smoothed lines for
each country, capturing local trends in the data (Supplementary Figure 1). This analysis shows
that very few countries have fully crossed the tipping point, indicating that our identified tipping
point is a projection based on current trends rather than observed outcomes.



Supplementary Table 1 | List of 22 countries included in the polynomial model. Maximum forest loss (%),
minimum forest loss (%), forest loss difference between the two (%), maximum yield (100g hat), minimum yield
(100g hat), and yield difference (100g ha) during 1990 and 2020 were calculated then rounded.

Country f Maximum Minimum .Forest loss Maximum ¥i1eld Minimum y_ileld Yield differe_lnce
orest loss (%) forest loss (%) difference (%) (100g hat) (100g ha?) (100g ha?)
Angola 45 33 11 10001 2680 7321
Belize 43 28 15 42895 18981 23914
Benin 72 56 16 15178 8479 6699
Brazil 40 28 11 53214 17551 35663
Cambodia 52 34 19 35656 13012 22644
China 65 52 14 63181 42373 20808
Cuba 80 68 13 31888 13244 18644
Democratic
Republic of the 44 32 11 8790 7658 1132
Congo
D;g;gmn 66 54 13 60902 36353 24549
Fiji 45 33 12 44754 7544 37210
Gambia 76 58 18 13053 4614 8439
Guatemala 67 55 12 25141 14919 10222
Indonesia 51 33 17 53310 38002 15308
Malawi 71 54 17 24670 4816 19854
Myanmar 56 39 17 38552 26995 11557
Nicaragua 70 43 28 24031 14171 9860
Paraguay 60 35 25 47065 16497 30568
Puerto Rico 62 41 21 31599 10698 20901
Somalia 73 62 11 11900 4104 7796
Spain 65 54 12 45015 17297 27718
Tanzania 41 26 16 20435 8581 11854

Vietnam 70 52 19 59471 30064 29407
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Supplementary Figure 1 | Visualization of yield trends relative to forest loss for each 22 countries. Each
country’s yield trend was plotted separately using the loess smoothing method, with each trend line colored
differently to represent each country.
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Supplementary Data 1

Forest cover

ID ArticleID Latitude Longitude change (%)

Site (if applicable), Country Yield change(%) Reference

Amadu, F. O., Miller, D. C. & McNamara, P. E. Agroforestry as a pathway to agricultural yield impacts in climate-smart agriculture

1 1 -16.04 34.80 Malawi 135 54 investments: Evidence from southern Malawi. Ecological Economics 167, doi:10.1016/j.ecolecon.2019.106443 (2020)
) ] } } Amadu, F. O., Miller, D. C. & McNamara, P. E. Agroforestry as a pathway to agricultural yield impacts in climate-smart agriculture
2 1 16.92 85.25 Malawi 25.0 18.9 investments: Evidence from southern Malawi. Ecological Economics 167, doi:10.1016/j.ecolecon.2019.106443 (2020)
) ] : } Amadu, F. O., Miller, D. C. & McNamara, P. E. Agroforestry as a pathway to agricultural yield impacts in climate-smart agriculture
3 1 16.07 35.14 Malawi 36.5 17.9 investments: Evidence from southern Malawi. Ecological Economics 167, doi:10.1016/j.ecolecon.2019.106443 (2020)
4 1 -15.39 35.34 Malawi 58 6.7 Amadu, F. O., Miller, D. C. & McNamara, P. E. Agroforestry as a pathway to agricultural yield impacts in climate-smart agriculture
' ) ) ’ investments: Evidence from southern Malawi. Ecological Economics 167, doi:10.1016/j.ecolecon.2019.106443 (2020)
- Antonio Sumila, T. C., Pires, G. F., Fontes, V. C. & Costa, M. H. Sources of Water Vapor to Economically Relevant Regions in
5 2 -12.58 -56.76 Brazilian 200 2.8 Amazonia and the Effect of Deforestation. Journal of Hydrometeorology 18, 1643-1655, doi:10.1175/jhm-d-16-0133.1 (2017).
6 P 1258 56.76 Brazilian 400 55 Antonio Sumila, T. C., Pires, G. F., Fontes, V. C. & Costa, M. H. Sources of Water Vapor to Economically Relevant Regions in
' ’ ’ ) Amazonia and the Effect of Deforestation. Journal of Hydrometeorology 18, 1643-1655, doi:10.1175/jhm-d-16-0133.1 (2017).
: ) - } : Antonio Sumila, T. C., Pires, G. F., Fontes, V. C. & Costa, M. H. Sources of Water Vapor to Economically Relevant Regions in
7 2 12.58 56.76 Brazilian 60.0 114 Amazonia and the Effect of Deforestation. Journal of Hydrometeorology 18, 1643-1655, doi:10.1175/jhm-d-16-0133.1 (2017).
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doi:10.1007/s10980-019-00770-6 (2019).
’ ) R Chaturvedi, A. et al. Land use planning issues in management of common property resources in a backward tribal area. Land
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Hassan, R., Hertzler, G. & Benhin, J. K. A. Depletion of forest resources in Sudan: Intervention options for optimal control.
05 15.50 82.56 Khartoum ,Sudan 69.2 791 Energy Policy 37, 1195-1203, doi:10.1016/j.enpol.2008.10.049 (2009).
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25 1550 32.56 Khartoum ,Sudan 290 229 Energy Policy 37, 1195-1203, doi:10.1016/j.enpol.2008.10.049 (2009).
Hassan, R., Hertzler, G. & Benhin, J. K. A. Depletion of forest resources in Sudan: Intervention options for optimal control.
35 1550 32.56 Khartoum ,Sudan 22:5 4.7 Energy Policy 37, 1195-1203, doi:10.1016/j.enpol.2008.10.049 (2009).
Hassan, R., Hertzler, G. & Benhin, J. K. A. Depletion of forest resources in Sudan: Intervention options for optimal control.
%5 1550 32.56 Khartoum ,Sudan 175 108 Energy Policy 37, 1195-1203, doi:10.1016/j.enpol.2008.10.049 (2009).
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Supplementary Data 2

Country Year Forest cover (%) Cereal yields (100g ha-1) Potential forest cover (%) Relative forest loss (%)
Albania 2020 28.79 52092 97.51557247 70.47651029
Angola 2020 53.43 9923 95.48013564 44.04071628
Antigua & Barbuda 2020 18.45 38000 75.27115244 75.48861761
Argentina 2020 10.44 51642 57.83823748 81.94965743
Armenia 2020 11.54 20558 85.86561643 86.56039463
Australia 2020 17.42 16505 37.90681709 54.04520522
Austria 2020 47.25 73864 93.62705703 49.53381907
Azerbaijan 2020 13.69 32273 40.86859584 66.50239697
Bahamas 2020 50.94 74455 66.51390574 23.41451095
Bangladesh 2020 14.47 49018 96.63849553 85.02667087
Barbados 2020 14.65 27656 89.63506118 83.65594913
Belarus 2020 43.19 35399 99.63403689 56.65135997
Belgium 2020 22.76 84306 94.7727866 75.98466731
Belize 2020 55.99 35263 97.36743511 42.49617448
Benin 2020 27.8 14328 97.18644297 71.39518728
Bhutan 2020 71.45 34352 83.64725687 14.58177749
Bolivia 2020 46.92 20240 79.48106218 40.96706975
Bosnia & Herzegovina 2020 42.73 60507 99.617813 57.10606496
Botswana 2020 26.92 10338 65.40943962 58.84386083
Brazil 2020 59.42 52554 98.30110035 39.55306727
Brunei Darussalam 2020 72.11 30000 98.96752158 27.1377126
Bulgaria 2020 35.86 43734 96.18203883 62.71653166
Burkina Faso 2020 22.72 12617 76.14497803 70.16218195
Burundi 2020 10.89 12787 93.00233517 88.2906166
Cape Verde 2020 11.34 157 81.4861725 86.08352847
Cambodia 2020 45.71 34265 94.18148055 51.46604223
Cameroon 2020 43.03 17365 97.80364572 56.00368506
Canada 2020 38.7 40919 69.02593811 43.93411946
Central African Republic 2020 35.8 7130 98.75033923 63.74695998
Chad 2020 3.43 8671 31.7506379 89.19706744
Chile 2020 24.49 62458 53.70257941 54.39697633
China 2020 23.34 62967 48.79754185 52.16972184
Colombia 2020 53.31 43986 98.5103456 45.88385649
Comoros 2020 17.69 17820 86.70120425 79.59659251
Congo 2020 64.26 8868 99.16475146 35.19874849
Costa Rica 2020 59.44 33571 98.76492811 39.81669289
Croatia 2020 34.65 69924 97.50953888 64.46501502
Cuba 2020 31.23 25723 96.46269363 67.62478962
Cyprus 2020 18.67 23814 94.18503946 80.17731892
Czech Republic 2020 34.68 60427 99.32701688 65.08502813
Democratic People's Republic of Korea 2020 50.08 34997 98.95658546 49.39194823
Democratic Republic of the Congo 2020 55.65 8778 98.28442696 43.37861885
Denmark 2020 15.71 69263 93.0506886 83.11672892
Dominica 2020 63.83 16445 89.25062315 28.48229206
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Namibia
Nepal
Netherlands
New Caledonia
New Zealand
Nicaragua
Nigeria
North Macedonia
Norway
Panama
Papua New Guinea
Paraguay
Peru
Philippines
Poland
Portugal
Puerto Rico
Republic of Korea
Republic of Moldova
Romania
Russian Federation
Rwanda
Sao Tome and Principe
Senega
Serbia
Sierra Leone
Slovakia
Slovenia
Solomon Islands
Somalia
South Africa
South Sudan
Spain
Sri Lanka
Suriname
Sweden
Switzerland
Syrian Arab Republic
Tajikistan
Thailand
Timor-Leste

Togo

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

33.79

61.49

46.73

43.73

41.59

10.97

45.84

37.57

28.32

23.75

39.71

33.44

56.81

79.18

40.53

56.51

24.11

30.98

36.15

55.96

64.42

11.75

30.12

49.78

11.19

54.06

41.91

32.38

35.12

40.06

61.47

90.14

9.53

14.06

11.33

37.18

34.16

97.41

68.7

32.12

2.84

3.05

38.9

61.94

22.23

38065

32600

7470

37276

5493

32033

79199

85690

90396

22237

16205

36642

46838

33770

47936

47065

45572

37694

46917

48813

29463

62119

18936

33986

29051

14736

20402

18216

65702

16337

61298

73855

18899

5025

51211

8855

45015

47468

43191

59944

69780

18323

34826

30139

26585

11503

80.44365666

98.06659811

97.57779261

98.53091157

46.55737087

83.36627688

78.45018033

94.38903311

94.38808799

92.53223093

88.63619583

97.92309839

86.87331543

97.61433281

98.26591906

98.73816957

73.56194209

96.37684736

96.84973089

94.66221922

94.82565776

97.98813825

96.91097391

90.69405979

78.86606312

91.77795648

89.64378616

71.3909079

95.43409488

99.41766655

98.30663867

99.38069095

91.0449411

34.62572562

49.29886944

76.75821607

80.65468073

97.84633695

99.2150315

93.19750785

86.87750515

37.9343464

32.33922867

96.76520084

97.8121958

98.91103462

57.99544501

37.2977128

52.110005

55.61798901

82.68802587

50.11172196

86.01660321

51.43503595

60.19624849

69.39444806

73.20507748

59.44777008

61.50716726

41.80157937

19.42272483

58.9520444

23.18038596

74.98361831

68.01230141

61.81158619

40.98643624

34.25734875

87.87547011

66.78944567

36.88032846

87.80752979

39.69464888

41.2950455

66.07082611

64.67428656

59.24995449

38.14693839

0.993949898

72.47711108

71.48007619

85.23936514

53.90224143

65.08811565

1.819312532

26.28558254

63.02840425

92.51338096

90.56872991

59.79959772

36.67456344

77.52525784



Trinidad and Tobago
Turkey
Uganda
Ukraine
U.K. of Great Britain and Northern Ireland
Tanzania
United States of America

Uruguay
Vanuatu

Venezuela
Vietnam
Zambia

Zimbabwe

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

2020

44.48

28.87

11.66

16.72

13.19

51.64

33.87

36.28

52.41

46.72

60.28

45.09

15227

33415

30256

42934

62410

18283

81445

49643

6175

40348

57973

24816

11487

96.79906111

87.55105331

77.5231694

95.4755275

92.75515604

87.13733765

76.41446261

92.10902951

86.06267891

96.89986014

97.57841023

93.84699941

97.76607175

54.04914109

67.02495412

84.95933527

82.48765894

85.77976625

40.73722999

55.67592987

87.40622927

57.84467732

45.91323463

52.12055629

35.76779186

53.87970572



