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ABSTRACT: Crop pollination is one of Nature’s Contributions to People (NCP) that
reconciles biodiversity conservation and agricultural production. NCP benefits vary across
space, including among distinct political-administrative levels within nations. Moreover,
initiatives to restore ecosystems may enhance NCP provision, such as crop pollination
delivered by native pollinators. We mapped crop pollination demand (PD), diversity of
pollinator-dependent crops, and vegetation deficit (VD) (vis-a-vis Brazilian legal require-
ments) across all 5570 municipalities in Brazil. Pollinator-dependent crops represented ∼55%
of the annual monetary value of agricultural production and ∼15% of the annual crop
production. Municipalities with greater crop PD (i.e., higher degree of pollinator dependence
of crop production) also had greater VD, associated with large properties and monocultures.
In contrast, municipalities with a greater diversity of pollinator-dependent crops and predominantly small properties presented a
smaller VD. Our results support that ecological restoration prompted by legal requirements offers great potential to promote crop
productivity in larger properties. Moreover, conservation of vegetation remnants could support food security in small properties. We
provided the first steps to identify spatial patterns linking biodiversity conservation and pollination service. Using Brazilian legal
requirements as an example, we show that land-use management policies may be successfully used to ensure agricultural
sustainability and crop production.

KEYWORDS: agriculture, biodiversity conservation, crop pollination, ecological intensification, ecological restoration, ecosystem services,
landscape planning, sustainability

1. INTRODUCTION
Reconciling biodiversity conservation and crop production is
critical to secure human wellbeing. In this context, the concept
of Nature’s Contributions to People (NCP) postulates that
nature provides goods and services that support human
landscapes functioning.1 To integrate ecosystem services and
NCP concepts in agriculture, landscapes must be designed to
be productive while maintaining ecosystems and their
services.2 We can envision such landscapes because biodiver-
sity provides services that enhance crop productivity.3,4

However, extensive agriculture is still the major cause of land
use change and habitat loss globally.5 Given projections of
increased global demand for food,6 there is an urgent need to
reverse the current trend of agricultural expansion by
promoting sustainable agricultural practices. Ecological resto-
ration is one potential solution to recover natural areas and
sustain NCP.7,8 Globally, there is potential for ecological
restoration of almost 1bi ha, even without considering
agricultural land.9 Thus, we now have the opportunity to

plan ecological restoration initiatives in conjunction with other
human activities such as agriculture.10

One critical NCP with potential to reconcile biodiversity
conservation and sustainable agriculture is pollination. Several
important crops depend on biotic pollination provided by wild
animals such as bees, flies, butterflies, beetles, and
vertebrates,11−13 which may be equally or more effective
than managed pollinators.14,15 An increased demand for
pollinator-dependent crops13,16 represents an opportunity to
plan integrated biodiversity conservation and agricultural
practices via provision of crop pollination services. Native
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vegetation near to farmed areas maximizes pollination services,
thereby enhancing crop productivity3,4,17 and stability.18 Thus,
managed landscapes may contribute to ecosystem functioning
and agricultural production.19−21 In this context, it is
important to design environmental policies that integrate
biodiversity conservation and crop pollination.
To plan effective landscapes, it is necessary to understand

the demand for NCP in each locality. The demand for crop
pollination services at global and national scales has most
frequently been assessed through the dependence ratio
method.11,12 In this method, pollinator contribution for each
crop is valued based on the crop’s dependence on biotic
pollination and monetary value.11,12 Estimates of the total
economic demand for crop pollination services are now
available at global,22−25 national,26 and local scales.27−30

However, national estimates mask the spatial variability of
the agricultural landscape and of levels of pollinator depend-
ence across a country. A broad-scale assessment considering
smaller units is important because decision making and
conservation actions are often undertaken for smaller
administrative units, and thus, there is a need for precise
estimates at such a scale. One way to account for small-scale
variation is to estimate crop pollination demand (PD) within
smaller administrative units such as counties or municipal-
ities.29,30 However, this is rarely undertaken for all municipal-
ities across broader scales such as countries or continents.31

Moreover, metrics other than dependence ratios based on the
monetary value may be important to understand the
relationship between land use patterns and crop pollination.
For instance, dependence ratios based on crop production or
occupied area can be particularly informative due to their more
direct relationship with the extent of the agricultural area.
Furthermore, the type of agriculture can vary widely across
regions in a country, from large properties with extensive or
intensive monocultures to small properties with high diversity
of cultivated crops.32 Therefore, metrics that describe crop
diversity may reveal distinct scenarios of demand for crop
pollination33 (e.g., monocultures of crops such as soybean that
show a relatively modest increase in production due to
pollinators vs diverse planting of medium to highly pollinator-
dependent crops).
In addition to demand for crop pollination, for effective

planning of managed landscapes it is necessary to consider land
use patterns.2 Although studies often focus on landscape
metrics known to influence crop pollination,3,4,17,34 they do
not use metrics that take into account any relevant legal
environmental requirement when proposing pollination-
targeted restoration policies and practices. Thus, an approach
that integrates demand for NCP and legal restoration
requirements can provide an assessment of areas with potential
for immediate restoration efforts in concert with economic and
human wellbeing benefits. In this context, Brazil stands out as
one of the world’s leading producers of food and agricultural
commodities6 while also being home to one of the largest
portions of the world’s biodiversity.35 Moreover, Brazil’s
variety of ecosystems, land management systems, and
practices32,35,36 offers a wide range of scenarios to understand
where biodiversity-driven NCP is needed the most. The
continental scale of Brazil also provides a unique opportunity
to assess demand for NCP and restoration requirements due to
the availability of standardized information about agricultural
production and land use patterns across a large area.36

Environmental legislation regulates the amount of natural

vegetation required to be conserved in each property (Brazilian
Native Vegetation Protection Law37). Vegetation deficit (VD)
(i.e., the shortfall in native vegetation within properties to
comply with minimum legal requirements) is estimated at 19
million ha in Brazil.38 Thus, the current legal requirement to
restore natural vegetation represents a unique opportunity,
with significant gains for biodiversity conservation and
agriculture.39,40 Nevertheless, demand for crop pollination
has been assessed only for Brazil as a whole,41,42 as in other
countries.26 In this context, mapping the demand of crop
pollination in relation to VD across municipalities can be the
first step to identify scenarios in which implementation of
restoration efforts can present a win−win outcome with direct
benefits for both biodiversity recovery and crop production.
Here, we explore how crop PD is associated with VD by

using information at the Brazilian municipality level. We
estimated the total crop PD (based on the crop monetary
value, production, and area) in Brazil. Then, we mapped
scenarios in which restoration efforts would meet demand for
crop pollination and others in which conservation of natural
areas would be particularly important to maintain pollination
services. The information provided here is the first step toward
effective planning of managed agricultural landscapes at a
country-wide scale that incorporates the benefits arising from
pollination services which accrue to biodiversity conservation
and agricultural production.

2. MATERIALS AND METHODS

2.1. Crop Production Data. We used data of crop market
value, production (ton), and cropland area (ha) of all 184
crops per municipality available from the Brazilian Institute of
Geography and Statistics (IBGE) database for the year 2017
(https://sidra.ibge.gov.br/pesquisa/pam), the latest with
available information on VD at the municipality level.38

These data result from a large agricultural census conducted in
2017 by IBGE and accounting for all production value across
Brazil, following the FAO World Programme for the Census of
Agriculture 2020 guidelines. Here, we present crop value data
in US$, using the mean conversion value of 2017 (1US$−
3.20R$, available at the Central Bank of Brazilhttps://bcb.
gov.br/estabilidadefinanceira/historicocotacoes). Of Brazil’s
5570 municipalities, we excluded those which lacked the
required information (monetary value, production, and area),
then compiled information on the crop monetary value for 184
crops in 5524 municipalities, on crop production for 184 crops
in 5064 municipalities, and on crop area for 94 crops in 5149
municipalities.

2.2. Crop Dependence on Pollinators’ Data. We
obtained the pollinator dependence ratio (PDR) for 128
cultivated crops in Brazil from national databases.41,42 Updated
information for a further 17 crops was gathered from previous
studies conducted in Brazil that evaluated crop yields in the
presence and absence of animal pollinators, that were found on
Web of Science, Scopus, Scielo, and Google Scholar platforms
using the following search strings: crop name (in English)
AND pollinat*; crop name (in Portuguese) AND poliniz*.
Values for PDR were then estimated following a standard
methodology.11 In addition, for 30 crops with no information
on pollination studies in Brazil, we used PDR values from
international databases.11 Finally, for three crops, we estimated
PDR using studies conducted in other countries. In total, we
compiled information for 178 of 184 crops (96.7%). All crops,
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data sources, and methodological details are presented in Table
S1.
Approximately half of the recorded crops in our database

(90 of 184, 48.9%) showed some degree of pollinator
dependence. The latest assessment of pollination services
reported 69 (76%) pollinator-dependent plants among 91
cultivated and wild plants used for food production in Brazil.42

Here, we also included crops not used for food production, in
order to have estimates of the contribution of pollinators in
relation to all agricultural production in Brazil. Moreover, we
only considered pollinator-dependent crops for which
pollinators increase yields of the commodity of the crop (i.e.,
fruits and/or seeds in trade). Importantly, 94 of 184 crops
(51.1%) in our database have no direct relationship with
animal pollinators (being wind-pollinated, e.g., sugar cane, or
completely selfing, e.g., pineapple) or have an indirect benefit
of pollinators (whereby pollinators increase seed production
but not the commodity of the crop, e.g., onion). Crops with an
indirect benefit from pollination represented less than 0.004%
of total crop production, and their inclusion would likely not
substantially change the results. Thus, our estimates consider
only the “direct contribution of pollinators”31 and can be
considered realistic in relation to the agricultural activity of
each municipality.
2.3. Estimating Demand for Crop Pollination. We used

crop data (monetary value, production, and cropland area) to
estimate three metrics describing crop PD in each municipal-
ity. Crop monetary value demand (i.e., potential contribution
of pollinators to the crop monetary value in a municipality)
was estimated by multiplying the market value of each crop in
each municipality by its PDR.23 We adopted the following
classification of PDR classes: essentialPDR = 0.95 (i.e., 90−
100% of crop yield dependent on animal pollinators); great
PDR = 0.65 (40−90% dependence); modestPDR = 0.25
(10−40% dependence), littlePDR = 0.05 (0.1−10%
dependence), and no dependencePDR = 0.11 To obtain
the crop PD per municipality, we summed crop monetary
value demand for all crops in a given municipality and divided
it by the total crop market value for each municipality.23 We
repeated the same procedures using the crop production and
crop area data to estimate crop production demand (potential
contribution of pollinators to crop production in a municipal-
ity) and crop area demand (potential contribution of
pollinators in relation to total cropland area in a municipality).
Taking into account that PDRs are based on the variability of
pollination contribution for crop production,11 we also
calculated all demand metrics using the lower and upper
ranges of each PDR class as a measure of uncertainty.31

We classified the level of demand of each municipality based
on the distribution of values of each metric separately (crop
monetary value demand; crop production demand; and crop
area demand). The highest quartile indicates “strong demand,”
the second highest quartile indicates “great demand,” the third
quartile indicates “intermediate demand,” and the fourth
quartile indicates “weak demand.”
In addition, we identified which pollinator-dependent crops

were the most important in each municipality. For this, we
assessed which pollinator-dependent crop exhibited the highest
demand (i.e., accounted for the highest production dependent
on animal pollinators measured as the crop production
multiplied by the dependence ratio) in each municipality.
2.4. Estimating Diversity of Pollinator-Dependent

Crops. We used the crop production data to estimate the

diversity of pollinator-dependent crops. For this, we used an
index of species diversity widely used in ecological studies, the
Shannon index.43 We included the crop diversity metric in
order to capture agricultural diversity32 (e.g., large mono-
cultures of soybean in Central Brazil44 vs agroforestry systems
in the Amazon45). To this end, instead of using the proportion
of species i relative to the total number of species (pi) for each
community, we calculated the proportion of each pollinator-
dependent crop production relative to the total production of
all pollinator-dependent crops in a given municipality. Low
values of the diversity of the pollinator-dependent crop index
represent production dominated by a few pollinator-dependent
crops in a municipality (characterizing extensive or intensive
monocultures typical of large properties). On the other hand,
high values represent a high number of pollinator-dependent
crops produced in relatively even proportions in a municipality
(characterizing diversified systems typical of small properties).
To confirm that diversity of the pollinator-dependent crop

index can be used as a surrogate of agricultural diversity, we
used the information on the most produced (in tonnage)
pollinator-dependent crop in each municipality. To do this, we
evaluated whether diversity of pollinator-dependent crops
differed between municipalities in which soybean was the most
produced crop versus other municipalities, using linear models.
We chose soybean because it is a crop characterized by large-
scale monocultures in Brazil.44,46 We acknowledge that
pollinator dependence of soybean is still controversial because
the degree of dependence may vary between distinct
varieties.41 Thus, we followed previous classifications of the
modest pollinator dependence for soybean, even though some
empirical studies have reported higher dependence.41,42

Indeed, “soybean municipalities” showed lower values of
diversity of pollinator-dependent crops in comparison with
other municipalities (Shannon index: 0.29 ± 0.35 vs 0.95 ±
0.59, β estimate = −1.20 ± 0.05, t = −25.24, p < 0.001).
Therefore, this metric is useful to identify municipalities with a
high production of soybean and thus large-scale mono-
cultures.44

We classified the pollinator-dependent crop diversity of each
municipality based on the distribution of the diversity metric.
The highest quartile indicates “highest diversity,” the second
highest quartile indicates “great diversity,” the third quartile
indicates “intermediate diversity” and the fourth quartile
indicates “low diversity.” Although representing distinct
aspects of crop importance, our three crop PD metrics
(based on the monetary value, production, and area) were
highly correlated (see the results and discussion section) and,
thus, would produce similar estimates of diversity of pollinator-
dependent crop values.

2.5. Vegetation Deficit. We used data on legal VD of
Brazilian municipalities in 2017 (the most recent complete
data set per municipality available).38 Legal VD is the
difference between the amount of native vegetation within
each property and the minimum required by the national
environmental legislation, specifically the Native Vegetation
Protection Law.37 VDs were estimated with land tenure
maps.36 In brief, farmers must conserve two target areas in
their farmland: permanent preservation areaPPA and legal
reserveLR. PPA encompasses native vegetation required in
buffer zones close to areas of special conservation interest (e.g.,
water bodies and mountain tops).37 LR refers to the total area
of the property that should be kept as native vegetation, which
varies from 20 to 80%, depending on the biome.37 To achieve
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a single and comparable number per municipality, the total
area that should be allocated to native vegetation in order to
fulfill the minimum requirements of PPA and LR was divided
by the total area occupied by private properties. Using the
distribution of VD data, each municipality was classified as
“high VD” (above the median) or “low VD” (equal or less than
the median) (Figure S1). Additionally, we also mapped the
absolute area of deficit per municipality (Figure S1). This was
done because some municipalities in Brazil have extremely
large areas, which may result in a low relative VD but would
still mean a large absolute area of legal deficit.
2.6. Crop Pollination in Relation to Vegetation

Deficit. To verify whether crop PD and crop diversity are
associated with VD, we tested the correlation between each
crop pollination metric and VD with Spearman’s rho. Then, we
mapped scenarios in which restoration has potential to
enhance pollination services. For this, we combined the
classifications of crop PD and diversity of pollinator-dependent
crops with categories of VD. Here, we treated the third and
fourth quartiles of demand as the “weak demand” category.
Similarly the third and fourth quartiles of the diversity of
pollinator-dependent crops were treated as the “low diversity”
category. We did this to achieve a simpler classification based
on fewer categories. Consequently, our classification can be
considered conservative since half of the municipalities will fall
in the “weak demand” (or low diversity) category.
The combination of crop PD metrics (monetary value,

production, and area) and VD was used to rank restoration and
conservation priorities aimed at providing crop pollination
services (Figure 1). Municipalities with high VDs are

restoration priorities, as required by the Native Vegetation
Protection Law.37 Among these, we scored priorities for
restoration aimed at providing crop pollination services:
highest priority (strong/great PD + high deficit) and lowest
priority (weak PD + high deficit). Municipalities with low VD
are priorities for conservation of natural areas and maintenance
of restoration efforts. Among these, we provided priority scores
for conservation efforts aimed at providing crop pollination
services: highest priority (strong/great PD + low deficit) and
lowest priority (weak PD + low deficit). Moreover, the
combination of diversity of pollinator-dependent crops and VD
was used to identify regions in which restoration priorities

could be related to the agricultural diversity (e.g., extensive or
intensive monocultures typical of large properties vs diversified
systems typical of small properties).
All maps were produced with QGIS using the Brazilian

municipalities boundaries.47 To facilitate interpretation of
spatial patterns, we used the Brazilian administrative regions
(Northern, Northeastern, Central-Western, Southeastern,
Southern, see Figure 2A), biome classification according to
international ecoregions48 (Tropical forestsknown as
“Amazon” and “Atlantic Forest”; dry forestknown as
“Caatinga,” Savannaknown as “Cerrado,” Wetlandknown
as “Pantanal,” and Grasslandknown as “Pampa,” see Figure
2B), and highlighted the “Brazilian deforestation arc” in the
Amazon49 (Figure 2C). Administrative regions and biome
boundaries followed IBGE.

3. RESULTS AND DISCUSSION

Using a data set comprising more than 5000 municipalities, we
showed that higher demand for crop pollination (PD - i.e.,
stronger pollinator dependence of crop production) coincided
with higher vegetation deficit (VD) in Brazil. Nevertheless,
there was a wide spatial variation in the association between
crop PD and VD that reflects distinct economic and land use
scenarios. Thus, a key implication of our results is the
importance of local scale information as a basis for decision-
making and conservation policies. Importantly, we compiled
available information from public governmental institutions,
NGOs, and universities to generate an integrated assessment
across a large country. Our results can help develop sustainable
solutions for agriculture, including identifying target areas for
conservation and restoration to enhance productivity of
economically important crops.

3.1. CROP POLLINATOR DEPENDENCE

Among the 90 pollinator-dependent crops, the contribution of
pollinators is essential for 34 crops (37.8%, dependence ratio
between 90 and 100%), great for 27 (30%, dependence ratio
between 40 and 90%), modest for 20 (22.2%, dependence ratio
between 10 and 40%), and little for 10 (9%, dependence ratio
between 0.1 and 10%) (Table S1).
Overall, the 184 crops in our data set comprised an

agricultural production of US$ 84 billion, resulting from 866
billion tons in 2017. The 90 pollinator-dependent crops
represented an agricultural value of US$47 billion and a
production of 137 billion tons in 2017 (without weighting by
pollinator-dependence levels). Thus, pollinator-dependent
crops comprised 55.3% of the total monetary value of
agricultural production and 15.2% of the total production.
The absolute value of animal crop pollination (absolute value
of crop production weighted by pollinator-dependence levels)
was approximately US$ 13 billion, comprising a production of
42 billion tons. In other words, animal crop pollination
represented 15.6% of the total monetary value of agricultural
production and 4.8% of the total production (tonnage).
We found high variation in the absolute value of animal crop

pollination (absolute monetary value weighted by pollinator-
dependence levels) within Brazilian administrative regions,
even between municipalities close to each other (Figure 3A).
Overall, animal crop pollination was most important in
municipalities located in the Southern, Southeastern, and
Central-Western regions and in some municipalities in the
Amazon near the “Brazilian deforestation arc” (Figure 3A). In

Figure 1. Illustrative scheme showing how crop PD and VD were
used to rank restoration and conservation priorities. Municipalities
with high VD are restoration priorities, as required by the
environmental law. Among these, we scored priorities for restoration
aimed at providing crop pollination services: highest priority (strong/
great PDred) and lowest priority (weak demandyellow).
Municipalities with low VD are priorities for conservation of natural
areas and maintenance of restoration efforts. Among these, we
provided priority scores for conservation efforts aimed at providing
crop pollination services: highest priority (strong/great PDdark
blue) and lowest priority (weak PDlight blue).
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contrast, animal crop pollination was least important in
municipalities concentrated in the Northeastern region (Figure
3A).
The absolute value of animal crop pollination estimated for

2017 (∼US$13 bi) was similar to that estimated for 2018 in
Brazil (∼US$13.4 bi).42 This economic contribution is in large

part due to soybean, highlighted here by the high number of
municipalities in which soybean showed the strongest demand
for pollination. Moreover, soybean alone accounted for 60.6%
(∼US$ 7.8bi) of the absolute monetary value of animal
pollination. Previous studies have shown that a shortage of
pollinators decreases soybean production by 20−30%.50−52 In

Figure 2. Maps illustrating the study area. (A) Map of Brazilian regions. (B) Map of Brazilian biomes. The biome names correspond to tropical
rainforests (Amazon and Atlantic Forest), dry forest (Caatinga), savanna (Cerrado), wetlands (Pantanal), and grasslands (Pampa). (C) Map of
change in land use cover in the Legal Amazon for the period of 1988−2017 (data from PRODES, http://terrabrasilis.dpi.inpe.br/app/map/
deforestation). Green indicates native Amazon forest, blue indicates water bodies, and orange indicates native non-forest area (Savannah biome and
savannah-like vegetation within the Amazon biome). Red indicates areas in which native vegetation was converted to agricultural (including
pasture) activities, accumulated for the period of 1988−2017. This area is known as the Amazonian deforestation arc.49

Figure 3. Crop pollination metrics across the Brazilian municipalities. (A) Absolute values of animal crop pollination (absolute monetary value in
US$ weighted by pollinator-dependence values, evaluated using the dependence ratio method11,12). (B) Demand for crop pollination (monetary
value of crop pollination relative to the total monetary value of agricultural production). (C) Diversity of pollinator-dependent crops. For all
metrics, we created categories based on the quartiles. The first quartile indicates weak demand (or low diversity), the second quartile indicates
intermediate demand (or diversity), the third quartile indicates great demand (or diversity), and the fourth quartile indicates strong demand (or
high diversity). (D) Legal vegetation deficit (percentage of area in legal deficit in relation to the total municipality area).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c02546
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig2&ref=pdf
http://terrabrasilis.dpi.inpe.br/app/map/deforestation
http://terrabrasilis.dpi.inpe.br/app/map/deforestation
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02546?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


this context, the projected increase in soybean production in
Brazil46 will increase demand for pollination services. However,
soybean production expansion has been associated with
conversion of native areas to cropland causing massive
deforestation in the Cerrado and Amazon forest.53−55 Such
land conversion might increase VDs and reduce the provision
of pollination services, leading to decreased crop productivity.
For instance, there is evidence that soybean plantations located
up to 100 m from large forest patches of >110 ha had higher
pollinator visitation rates and crop yields (seeds per plant)
than plantations far from natural areas.52 Large forest patches
also guarantee long-distance pollination in soybean planta-
tions,52 which indicates that even in landscapes dominated by
monocultures, restoration may still benefit crop productivity.
Thus, landscape planning is needed to maximize crop
pollination benefit in important crops, even those with modest
pollinator dependence such as soybean.42 Such potential trade-
offs between increased crop PD and decline of service
provision in Brazil are part of a global trend.13 Therefore, if
we are to meet the increasing demand, it is necessary to protect
and increase the supply of pollination services by restoring
natural vegetation, including areas of extreme deforestation.

3.2. CROP POLLINATION DEMAND AND DIVERSITY
OF POLLINATOR-DEPENDENT CROPS

There was a wide variation in crop PD across Brazilian
municipalities: demand in the monetary value varied from 0
(no demand) to 0.93 (where 93% of the crop monetary value
is reliant on animal pollination), demand in crop production
also varied from 0 to 0.93, and demand in occupied area varied
from 0 to 0.95. There was a high correlation between demand
metrics (monetary value, production, and area; Spearman’s rho
= 0.76−0.87, all p < 0.001, Table S2). The level of demand for
crop pollination (in monetary value) varied considerably across
Brazilian municipalities (Figure 3B). Municipalities with a
strong demand (>19% of the crop value dependent on animal
pollination) were concentrated in Southern and Central-
Western regions and also some municipalities in the Amazon
close to the deforestation arc and along the Atlantic coast
(Figure 3B). Municipalities with a great demand (10−19%)
were distributed across Central-Western and Southern regions,
as well as in the Northern region (mainly Western Amazonia)
(Figure 3B). Municipalities with intermediate and weak
demands (0−10%) were concentrated in the Northeastern
region, as well as in some portions of the Northern and
Southeastern regions (Figure 3B). Patterns across the Brazilian
territory were similar when using demand based on crop
production and area, reflecting their high correlation with crop
monetary value demand (Figures S2 and S3). Uncertainty in
PD was most pronounced in the Central-Western region,
coinciding with areas of large soybean monocultures (Figure
S4). This is due to the importance of soybean to the PD
metrics, which highlights the concerns regarding the accuracy
of estimation of pollinator dependence of soybean.
The pollinator-dependent crops that generated most

demand for pollination (i.e., contributed most to the estimate
of PD in a given municipality) were soybean (in 1574
municipalities25 mi tons dependent on pollinators), water-
melon (630−785 ktons), pumpkin (582−396 ktons), coffee
(366−779 ktons), and orange (325−3 mi tons) (Figure S4).
These were followed by beans (mainlyPhaseolus vulgaris, 265−
421 ktons), passion fruit (149−248 ktons), coconut (133−230

ktons), tomato (133−285 ktons), and zucchini (88−150
ktons) (Figure S5).
The diversity of pollinator-dependent crops also presented

large variation, from 0 (no production of pollinator-dependent
crops in a given municipality) to 2.76 (several pollinator-
dependent crops produced in similar proportions in a given
municipality). Diversity of pollinator-dependent crops was
weakly and negatively correlated with demand metrics
(Spearman’s rho = −0.15−0.06, all p < 0.001, Table S2).
Diversity of pollinator-dependent crops showed some distinct
patterns across the Brazilian territory in comparison with crop
PD metrics (Figure 3C). Municipalities with highest diversity
of pollinator-dependent crops (1.18−2.76) were concentrated
in the Northern and Northeastern regions and along the
Atlantic coast (Figure 3C). Similarly, municipalities within the
second diversity quartile (0.63−1.17) were also located in the
Northern and Northeastern regions and along the coast
(Figure 3C). In contrast, municipalities in the third and fourth
quartiles (0−0.62, i.e., low number of pollinator-dependent
crops with some crops dominating overall production) were
mostly concentrated in Central-Western, Southeastern, and
Southern regions (Figure 3C).
Here, we showed a wide variation in the demand for

pollination services across Brazil, which supports the urgent
need to understand where the provision of each NCP is
critically required.56 Our results also indicated that such
variation is associated with different types of rural properties:
from large properties dedicated to commercial monocultures
to small properties with a great variety of crops for
subsistence.44,57 Nevertheless, other factors not considered
here such as climate, principal economic activities, and
historical changes in land use, may also modulate the
association between demand for pollination services and type
of property.13 Moreover, the demand for crop pollination
overlapped with requirements for recovering natural areas to
comply with the environmental law, in several areas of the
country.
The demand for crop pollination coincided in part with

areas in which pollinators had a high absolute economic
contribution, that is, large properties associated with high-
profit monocultures in Central-Western, Southern, and
Southeastern regions.44 Additionally, there was a strong
demand and crop diversity in the Amazon, in coastal areas,
and in the Northeastern region. This strong demand and crop
diversity primarily reflect traditional pollinator-dependent
monocultures other than soybean in Brazil (e.g., coffee,
orange, and cocoa) but also more diverse systems based on
fruit and vegetable crops (e.g., watermelon, pumpkin, and
tomato) cultivated in intermediate and small properties.57

Strong crop PD and crop diversity are also associated with
native crops (passion fruit and cashew nut) and Amazonian
products (aca̧i palm and babassu oil), strongly dependent on
native forested areas.45,58−60 Thus, there is wide potential for
greater integration of natural and agricultural landscapes,
reflecting specific crop PDs.2 While some areas will require
intensive restoration of native vegetation (i.e., strong demand
in areas of high VD), other areas offer the opportunity for
integrated management practices focused on both biodiversity
and crop productivity (i.e., strong demand in areas of low VD).
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3.3. ASSOCIATION BETWEEN CROP POLLINATION
VARIABLES AND VEGETATION DEFICIT

Overall, we found negative correlations between the four crop
pollination metrics and VDs (Figure S6). The exception was
crop area demand, which was not correlated with VD (rho =
0.02, p = 0.270). Crop monetary value demand was weakly
correlated with VD (rho = −0.05, p < 0.001), while crop
production demand showed a stronger negative correlation
with VD (rho = −0.15, p < 0.001). Among crop pollination
metrics, diversity of pollinator-dependent crops showed the
highest negative correlation with VD (rho = −0.19, p < 0.001).
In other words, municipalities with low diversity of pollinator-
dependent crops tend to exhibit high VD (Figure S6). The
relatively low correlation values may be related to the nature of
legal VDs which differ from biome to biome. Areas with a high
deficit in biomes with stricter legal requirements (e.g., up to
80% of native vegetation cover in properties in the Amazon)
may retain higher native vegetation cover than properties in
areas with less stringent requirements.
Priorities for restoration and conservation of natural areas

aimed at providing pollination services varied widely across
Brazil (Figure 4). We identified municipalities where high VD
(in which restoration is critically needed) coincides with high
demand for crop pollination based on the crop value (Figure
4A). These were located mainly close to the Amazon
deforestation arc, in some municipalities of Central-Western,
Southeastern, and Southern regions and along the coast
(Figure 4A). Importantly, several of these municipalities also
showed a large absolute area with VD (Figure S3). Never-
theless, a few municipalities in the Northern region showed a
low relative deficit but a large absolute deficit (>42 mi ha), and

thus, restoration is critically needed: Saõ Feĺix do Xingu,
Cumaru do Norte, Juara, Maraba,́ and Treŝ Lagoas. We also
identified municipalities where low VD coincides with high
demand for crop pollination (Figure 4A), in which
conservation of native vegetation and maintenance of any
existing restoration efforts are strategic to provide crop
pollination services. These were mostly concentrated in the
Northern region, in some parts of the Central-Western region
(especially at the Pantanal biome) and in the Northeastern
region (Figure 4A). Maps produced with the metric of demand
based on crop production and area showed similar patterns
(Figures S7 and S8).
We showed that areas of massive deforestation (e.g.,

Amazon deforestation arc49 and the Atlantic forest in the
Brazilian coast61) coincided with strong demand for crop
pollination. In this context, it is important to reverse the
current practice of agricultural expansion in which large areas
are converted for extensive stockbreeding and/or mono-
cultures, causing pollinator declines.13 Instead, ecological
intensification via biodiversity-driven provision of services
can be used as means to increase crop productivity.62,63 Here,
we highlight the opportunity for immediate action through
restoration efforts, as already imposed by Brazilian legal
requirements of vegetation protection in private properties.
Spatial planning of restoration has started to incorporate other
NCP such as carbon stocks.64 In addition, incorporating crop
PD can produce reliable restoration targets with direct benefits
to landowners in Brazil. Landscapes favorable to pollinators are
also important to landowners that may not benefit directly
from crop pollination services (e.g., owners of properties with
large-scale areas for cattle) because pollinators may facilitate

Figure 4. Combination of crop pollination metrics and VD in Brazilian municipalities. (A) Combination of demand for crop pollination (based on
the crop monetary value) and VD was used to score restoration and conservation priorities aimed at providing crop pollination services.
Municipalities with high VD are restoration priorities, as required by the environmental law. Among these, municipalities were classified in highest
(strong/great crop PD) to lowest restoration priority (weak demand). Municipalities with low VD are priorities for conservation of natural areas
and maintenance of restoration efforts. Among these, municipalities were classified in highest (strong/great demand + low deficit) to lowest
conservation priority (weak demand). (B) Combination of diversity of pollinator-dependent crops and VD was used to identify regions in which
restoration priorities could be related to the agricultural diversity. High crop diversity is associated with a variety of crops produced in similar
amounts in a municipality, while low crop diversity is associated with dominance of a single crop (monoculture).
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natural regeneration65 and thus promote restoration efforts in
order to comply with the environmental law. Importantly,
restoration is one of the available practices to reconcile
biodiversity conservation and agriculture, but it may be difficult
to conduct in extensive monoculture matrices. Thus, other
practices (e.g., flower strips) may be equally or more adequate
to ensure resources for native pollinators and crop
productivity.
We identified restoration priorities according to the

agricultural diversity of each municipality (Figure 4B).
Municipalities with a high VD and characterized by low
diversity of pollinator-dependent crops (i.e., likely to have
intensive monocultures) were concentrated in Central-West-
ern, Southeastern, and Southern regions and close to the
Amazon deforestation arc (Figure 4B). In contrast, municipal-
ities with high VD and characterized by high diversity of
pollinator-dependent crops were distributed along the Atlantic
coast (Figure 4B). We also highlight regions in which most
municipalities showed a low VD in association with high
diversity of pollinator-dependent crops: across the Northern
and Northeastern regions, especially in the Caatinga Dry forest
(Figure 4B).
Municipalities characterized by a high diversity of pollinator-

dependent crops coincided with low VDs. This may indicate
current agricultural practices favorable for biodiversity
conservation in Brazil, in contrast to large monocultures. For
instance, small properties often employ sustainable practices
such as agroforestry or intercropping,66 and our results indicate
that conserving native vegetation has a potential to increase
economic benefits to these landowners. Therefore, it is
important to keep diversified cropping systems and incentivize
the protection of native vegetation in order to maintain the
supply of crop pollination services in these areas. Most of these
high diversity and low deficit municipalities are concentrated in
the Amazon and Northeastern region. In the Northeastern
region, especially in the Caatinga, small subsistence properties
cultivate diversified cropping systems that enhance local
production and food security.67 In this context, conservation
of native vegetation aimed at providing crop pollination may
also be used to promote other essential NCP related to food
security and rural development.68

This assessment of crop PD across a whole country is the
first step for biodiversity conservation planning associated with
the concept of NCP and crop production. A further step is
mapping the potential supply of such services.69 The supply of
pollination services depends on the quality of native vegetation
adjacent to areas of high PD,70 a variable not considered here.
Moreover, crop pollination can also be viewed as a service
linked to several other natural, social, and economic aspects
(e.g., cultural practices linked to agriculture, employment, and
rural development), making it important to consider multi-
dimensional facets of NCPs.17,28 Mapping the diversity of
pollinator-dependent crops also indicated the need to consider
several crop pollinators because many crops require distinct
species of pollinators to maximize the yield.14,15 In
consequence, restoration practices also need to consider
requirements of native pollinators in each area. Future studies
should also consider refining the assessment of crop PD by
crop class (e.g., fruits and oilseed) given their differing
pollinator-dependence levels.11

We mapped demand for crop pollination and the diversity of
pollinator-dependent crops across VDs in Brazil. Therefore, we
could identify municipalities where there is a need to restore

and conserve natural areas that directly benefit landowners
through provision of crop pollination services. Importantly,
regions characterized by extensive monoculture or by high
crop diversity showed strong demand for crop pollination
services. Thus, both large and small farmers need continued
provision of pollination services. Legal requirements can
therefore be seen as an opportunity to restore natural areas
that offer important services for food production and crop
productivity in Brazil. Our approach is widely applicable in any
country, given availability of local data. We highlight the
importance of small-scale data to inform local restoration and
conservation practices while helping understand broad spatial
patterns of demand for NCP.
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