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BACKGROUND: Animal pollination supports agricultural production for many healthy foods, such as fruits, vegetables, nuts, and legumes, that provide
key nutrients and protect against noncommunicable disease. Today, most crops receive suboptimal pollination because of limited abundance and di-
versity of pollinating insects. Animal pollinators are currently suffering owing to a host of direct and indirect anthropogenic pressures: land-use
change, intensive farming techniques, harmful pesticides, nutritional stress, and climate change, among others.

OBJECTIVES: We aimed to model the impacts on current global human health from insufficient pollination via diet.

METHODS: We used a climate zonation approach to estimate current yield gaps for animal-pollinated foods and estimated the proportion of the gap at-
tributable to insufficient pollinators based on existing research. We then simulated closing the “pollinator yield gaps” by eliminating the portion of
total yield gaps attributable to insufficient pollination. Next, we used an agriculture—economic model to estimate the impacts of closing the pollinator
yield gap on food production, interregional trade, and consumption. Finally, we used a comparative risk assessment to estimate the related changes in
dietary risks and mortality by country and globally. In addition, we estimated the lost economic value of crop production for three diverse case-study
countries: Honduras, Nepal, and Nigeria.

REsuLTS: Globally, we calculated that 3%—5% of fruit, vegetable, and nut production is lost due to inadequate pollination, leading to an estimated
427,000 (95% uncertainty interval: 86,000, 691,000) excess deaths annually from lost healthy food consumption and associated diseases. Modeled
impacts were unevenly distributed: Lost food production was concentrated in lower-income countries, whereas impacts on food consumption and
mortality attributable to insufficient pollination were greater in middle- and high-income countries with higher rates of noncommunicable disease.
Furthermore, in our three case-study countries, we calculated the economic value of crop production to be 12%-31% lower than if pollinators were
abundant (due to crop production losses of 3%—19%), mainly due to lost fruit and vegetable production.

DiscussIoN: According to our analysis, insufficient populations of pollinators were responsible for large present-day burdens of disease through lost
healthy food consumption. In addition, we calculated that low-income countries lost significant income and crop yields from pollinator deficits. These

results underscore the urgent need to promote pollinator-friendly practices for both human health and agricultural livelihoods. https://doi.org/10.1289/
EHP10947

many countries are also facing a pandemic of obesity and meta-
bolic diseases from excess caloric intake, with >2 billion adults
worldwide being overweight and obese.!"!? Inadequate intake of
healthy foods, such as fruits, vegetables, and nuts, is also driving
large burdens of disease.!?> Considering these persistent chal-

Introduction

Despite large increases in global food production over the past
half-century, providing adequate nutrition on a global scale
has remained elusive for many populations. Approximately
768 million people are undernourished worldwide, and that num-

ber has been growing steadily since 2015, following a decade of
decline.! In addition to those suffering from hunger, 2 billion peo-
ple globally have been estimated to experience micronutrient
deficiencies, although global monitoring data is infrequently col-
lected. The most commonly reported deficiencies are in iron>> as
well as widespread inadequate zinc,*® vitamin A,”-® and protein
for particular population groups.®!® Meanwhile, populations in

Address correspondence to Matthew R. Smith, 665 Huntington Ave., Bldg.
1, Room 1301, Boston, MA 02115 USA. Email: msmith@hsph.harvard.edu

Supplemental Material is available online (https://doi.org/10.1289/EHP10947).

The authors declare they have nothing to disclose.

Received 14 January 2022; Revised 10 November 2022; Accepted 15
November 2022; Published 14 December 2022.

Note to readers with disabilities: EHP strives to ensure that all journal
content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions @niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives

127003-1

lenges, strategies for global food and nutritional security have
begun to shift from strictly producing adequate calories to provid-
ing more nutritious diets.'*!3

Coincident with recognition of the need for more nutritious
diets has been a growing awareness that we need to reduce the
environmental toll of global food production. Agriculture is the
single largest driver of biodiversity loss, land-use change, grow-
ing scarcity of freshwater, and land degradation globally.'®~!° It
is also a significant contributor to climate change, responsible for
one-fourth to one-third of global greenhouse gas emissions.?® As
such, growing more nutritious foods with lower environmental
impact has become one of the great challenges of the 21st
century.'6:18:19

Pollinators Are Key for Healthy Foods

Ensuring an abundance and diversity of pollinators is one effec-
tive approach to address the nutritional and environmental chal-
lenges facing global food systems. Animal pollination increases
the production of three-fourths of agricultural crop varieties?! for
several reasons. Pollinators are more efficient at delivering pollen
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than wind or self-pollination, which increases successful fertiliza-
tion and improves seed and fruit set (transition of ovule/ovary to
fruit/seed), resulting in greater yields. In addition, animal pollina-
tors improve cross-pollination among different plants, thereby
increasing genetic diversity by limiting inbreeding. Plants that
rely on animal pollination include cash crops (coffee, cocoa,
spices) and many food groups important for global health
(fruits,>? vegetables,?? nuts,>*>* legumes?®) that, when eaten in
greater amounts, have been shown in human epidemiological
studies to be protective against a range of chronic noncommuni-
cable diseases (NCDs), including heart disease, stroke, many can-
cers, and diabetes. Moreover, because wild pollinators increase
yields without requiring regular external inputs, they can generate
significant income for farmers, thereby improving farmers’ liveli-
hoods, with potential downstream implications for their health.?
These benefits are realized without any associated negative envi-
ronmental impacts. Multiple studies have estimated the contribu-
tion of animal pollination to the annual value of global
agricultural output at USD $224-577 billion (in 2015 USD).26-?’

Animal Pollinators are Under Pressure from Environmental
Degradation

Yet global pollinators are increasingly in peril, mainly from
anthropogenic alteration of their environment, nutrition, and bio-
logical networks.?® Wild pollinators, in particular, are under grow-
ing threat. Pervasive land-use changes are fracturing, shrinking,
and degrading suitable habitats for pollinators worldwide, not only
reducing available areas for nesting but limiting pollinators’ ability
to migrate as an adaptation strategy in an increasingly disjointed
landscape. Furthermore, reductions in wild lands and the domi-
nance of farms growing large monocultures have shrunk the diver-
sity of flowering plants and thereby the duration of flowering,
causing nutritional stress. Intensive farming techniques, such as
frequent tilling, disturb and destroy nesting sites and disrupt wild
plant communities on farms. The ongoing use of pesticides, such
as neonicotinoids, have inflicted lethal and sublethal harm to bees
both on treated farms and in nearby areas.?® In addition, the over-
arching impact of climate change is causing a host of deleterious
effects: driving pollinators out of their historical range to find suita-
ble new environmental conditions; causing novel predators, com-
petitors, and pathogens to invade newly habitable environments;
and increasing the asynchrony between pollinators and their
coevolved plant species who may be motivated by different envi-
ronmental cues.?? Although scarce monitoring data currently limits
our ability to definitively link individual drivers to pollinator
declines, wherever measured, pollinator communities are decreas-
ing in abundance, range, or diversity.3%—32

Managed honeybees, facing sometimes catastrophic hive col-
lapse caused by pest and nutrition pressures, have not been able
to compensate for wild pollinator losses nor keep pace with the
growth in pollinator-dependent crops that rely on them,** which
makes the use of managed bees an increasingly risky solution to
compensate for wild pollinator losses. Furthermore, managed
pollinators are not fully interchangeable for wild pollinators,*
and cropping systems with large managed honeybee industries
(e.g., blueberries, cherries, apples) could still see additional yield
benefit from even greater animal pollination.>>

This lack of pollinators is already reducing food production. A
2016 study by Garibaldi et al.>® used a global sample of 344 fields
in 33 different pollinator-dependent farming systems across
Africa, Asia, Latin America, and Europe to identify the yield pen-
alty currently attributable to insufficient pollination (i.e., the polli-
nator deficit). To do this, they collected a range of data on farming
practices, proximity to natural habitats, and crop yields, as well as
pollinator visitation and richness in each location to isolate the role
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of pollination in supporting yields. They found that, of the yield
gap between the low- and high-producing fields across all crop sys-
tems, roughly a quarter of the difference could be explained by
insufficiently abundant and diverse pollinator populations.

However, this previous work3® has not yet been extended to
quantify the current burden of lost pollination for food intake,
nutrition, incomes, and global health. In this study, we aimed to
make an advance over earlier work by applying these empirically
derived estimates of lost yields from inadequate pollination with
the following motivating research questions:

* How much additional food would have been produced if
global pollination were adequate (hereafter called the polli-
nator deficit)?

* Who would have consumed that food, and what health bene-
fits would they have experienced? How many diet-related
diseases and deaths could have been averted?

e For lower-income countries especially, what are the eco-
nomic costs of insufficient pollination?

In this study, we explored the first two questions at a global
scale and by country by applying and connecting well-established
and vetted analytical tools using the following steps: a) comparing
existing global agricultural yields with climate-specific theoreti-
cally attainable yields for the 63 most important pollinator-
dependent crops to identify the total yield gap for each crop and
country, b) using empirical relationships of the percentage of these
yield gaps attributable to insufficient pollination® to quantify the
pollinator deficit for each crop and country, ¢) employing an inter-
national economic trade model to identify who would be most
likely to have consumed this additional food, and d) using relative
risks (RRs) linking dietary risk factors to health outcomes to quan-
tify the implications for global, regional, and country-specific mor-
tality of closing the pollinator yield gap. To evaluate the economic
penalty of insufficient pollination, we analyzed, as case studies,
three developing countries of different size, geography, and crop
specialty—Honduras, Nepal, and Nigeria—to quantify examples
of the economic value lost to unrealized agricultural productivity
for an individual country.

Methods

The model framework underpinning our analysis comprised several
interconnected modules (Figure 1) that are discussed individually
below. “Example: Poland” in the “Results” section contains a repre-
sentative example of how the model works for a subset of crops.

Yield Gap Analysis

Crop yield gaps for 63 pollinator-dependent crops (Excel Table
S1) were calculated by subtracting circa 2000 yields®’ from circa
2000 climatically attainable yields, which were estimated using a
climate zonation approach (Figure 1, module A).334° The partic-
ular method used here was developed by Mueller et al.*® and is
described in the supplemental material therein. Globally, we
established 100 zones of equal harvested area and similar climatic
properties (i.e., annual precipitation and temperature characteris-
tics derived from WorldClim*") for each crop. Within each zone,
we determined an attainable yield defined as the area-weighted
90th percentile yield (i.e., the yield value, which is exceeded by
only 10% of area within that zone, with maps of yield and area
from Monfreda et al.*?) The resulting map of yield ceilings,
which has 10-km resolution, has 100 values for each crop, allo-
cated according to the positions of the zones, which are in turn
based on the distributions of the maps of crop yield and area
from Monfreda et al.*> These attainable yields were then sum-
marized using area-weighted averages for each crop and country.
The resulting attainable yield layers represent a ceiling of
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lost benefits
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« Mortality from lost animal-
pollinated healthy foods

yield gap

deficits by country

Figure 1. Schematic depicting the chain of modules that constituted our overall model. Arrows show where outputs of one module serve as inputs to another.
Module C received inputs from both modules A and B, which connected to module D, then to module E. Note: mod, module.

regionally averaged actual yields, in contrast to agronomic poten-
tial yields that may be economically unrealistic. Yield gaps were
estimated for all country—crop combinations where those crops
were grown. For countries whose yields were currently greater
than the 90th percentile attainable yield, the gap was set to zero.
Yield gap modeling was performed in MATLAB (version 2018b;
MathWorks). These methods are equivalent to the attainable
yield modeling carried out by Mueller et al.*® with the exception
that the earlier analysis used a 95th percentile cutoff.

Closing the Pollinator Yield Gap

Next, we used data on the relationship between pollination and
total yield gaps®® to calculate the size of the yield gap for each
crop attributable to insufficient pollination (Figure 1, module B).
The model and data set used to quantify the proportion of the yield
gap (i.e., difference between the 50th and 90th percentile yield of
each crop and country) attributable to insufficient pollination were
taken from an earlier study by Garibaldi et al. from 2016.¢ In their
study, they collected data from 344 fields from 33 pollinator-
dependent crop systems from both small and large farms within a
5-y window from 2010 to 2014. Regions were chosen to focus pri-
marily on developing countries, although the inclusion of many
large farms with industrialized practices common in developed
countries allows for their results to be applied more broadly across
income levels. Crops grown included a diversity of pollinator-
dependent food groups (fruits, vegetables, nuts, oilseeds, spices),
as well as inedible cash crops (coffee, cotton). Crop systems were
chosen specifically to span the range of management styles (con-
ventional agriculture, organic agriculture, traditional practices),
field sizes, biotic/abiotic variables, and landscape settings. Data
collection variables and methods were uniform at all sites to build
a model that identified whether the availability of pollinating
insects contributed significantly to the crop yield.

The following variables were collected from all sample sites:
flower—visitor density, flower—visitor richness, crop yield, index
of agricultural intensification (ranging from —3 to 5, with five
variables of conventional intensification, each adding 1 to the
index—presence of monoculture, synthetic fertilizers, herbicides,
pesticides, and fungicides—and three agroecological variables,
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each subtracting 1 from the index—presence of polyculture, or-
ganic certification, and organic fertilizers), latitude, longitude,
field size, and isolation from natural or semi-natural habitats.
Additional calculated or external variables were also included:
percentage pollinator dependence of each crop from Klein et al.,?!
baseline level of flower—visitor density (10th percentile: n per
100 flowers), yield gap within each crop system (10th/90th per-
centile), flower—visitor gap within each crop system (10th/90th
percentile), and interaction terms between these variables. All
variables were then included as inputs into a general linear
mixed-effects model to predict the crop yield.

Their model found that several of these variables were signifi-
cantly predictive of crop yields (sign in parentheses indicates
direction of relationship): flower—visitor density (+), flower—
visitor richness (+), field size (+), intensification index (+), isola-
tion (in kilometers) from natural habitats (-), and flower—visitor
gap percentage (+), as well as several interaction terms: flower—
visitor density X field size (—), flower—visitor density X flower—
density richness X field size (+), flower—visitor density X isola-
tion (—). Many other model variables were not found to be signifi-
cant: percentage pollinator dependence of each crop, latitude,
longitude, baseline flower—visitor density (10th percentile), yield
gap percentage, and several interaction terms. The lack of signifi-
cance of the crop’s percentage pollinator dependence was partic-
ularly surprising given that certain crops are believed to derive
much more of their yield from animal pollination, although nei-
ther the percent dependence nor its interaction term with crop—
visitor density were found to be significant.

Two additional findings from Garibaldi et al.>® that are rele-
vant to our present study were that the relationship between
flower—visitor density and crop yield was significant for small
farms regardless of their flower—visitor richness (number of spe-
cies per field in the sampling window), whereas density was only
significant for larger farms when flower—visitor richness was
high (>3 species). This difference is presumed to be caused by
the dominance of generalist honeybee species in large fields,
given that they are less efficient pollinators than a diverse com-
munity of wild insects despite having high foraging ranges.>*

Based on these findings, some additional steps were required
before applying this previous work to our present study. First, we
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began with an assumption that our counterfactual high-pollinator
scenario would need to include both a high density and richness
of pollinating insects. This is because simply having more polli-
nators was only beneficial for yields on small fields (<2 ha),
whereas having both higher density and diversity of pollinators
also increased yields in large fields.*® Therefore, we needed to use
a subset of the original data to include only crop systems with spe-
cies richness >3 from all field sizes. This subset is found in Excel
Table S2. Notably, this subset preserves the diversity of manage-
ment intensity, pollinator dependence, field size, and crop diversity
as in the full original data set, lending confidence to our ability to
apply these findings to developed countries where conventional
intensely managed agriculture in large fields is more common.

We then fit a Gaussian distribution to the pollinator-attributable
yield gap percentages from Excel Table S2 and identified the mean
along with its 95% confidence interval (CI) (25.5%; 95% CI: 5.5%,
45.4%) for use in our model. Of note are two data points from
Excel Table S2 that were anomalously high or low: —37% for
agraz (native blueberry) in Colombia and 121% for sunflower in
South Africa. All Excel Table S2 values were generated using the
best mixed-effects model from Garibaldi et al.,® although these
particular data points had very high or low values for some inputs,
causing their irregularity: Colombian agraz was not at all isolated
from natural areas (0 km) and South African sunflower had very
high species richness given its large field size—eight species per
30-min sampling window. We preserved these extreme values to
maintain congruency with the previous study although removing
them would have only slightly altered our yield gap percentage for
later steps (22.9%; 95% C1: 10.5%, 35.3%).

Percentage changes in production caused by closing the polli-
nator deficits were then multiplied by current production values
to estimate the additional food that would be produced under sce-
narios of enhanced pollinator density and richness (Figure 1,
module C). The percentage increase in production was capped
at 100% to preclude unrealistically high modeled yield gains
from greater pollination; country—crop combinations with yield
increases >100% constituted a small percentage of all data points
(~1%). Modeling of percentage production changes under
high pollination scenarios was performed in MATLAB (version
2018a; MathWorks).

One caveat to our model is that we did not account for poten-
tial losses to agricultural productivity that might be necessary to
achieve the adequate pollinator levels in our high-pollinator sce-
nario. Many practices can boost on-farm pollinator populations
without harming productivity, such as the installation of border-
ing hedgerows or the use of adjacent marginal lands for habitat.
Nevertheless, where nearby pollinator habitat is not available,
setting aside farmland to serve as undisturbed habitat may be nec-
essary. Doing so would reduce the productive land for crops and
could lessen our projected yield gains.

Trade and Economic Model

Changes in a country’s crop production do not directly translate
to equivalent changes in domestic consumption. That is because
the place where a food will be eaten, regardless of where it is
grown, is dictated by its price (itself governed by supply and
demand for that food) and consumers’ ability and willingness to
pay for it. Furthermore, farmers change their own behavior—
how much area to devote to which crop, the amount of effort to
expend—based on crop prices in a given season, which feeds
back to influence a crop’s supply, price, and demand.

To capture the complexity of these market forces that intercede
between production and consumption, we relied on the International
Model for Policy Analysis of Agricultural Commodities and Trade
(IMPACT), version 3 (Figure 1, module D).** Fuller descriptions of
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the IMPACT model and its core elements are available,*>* but a
summary is given here, and a schematic of IMPACT, its compo-
nents, and how they intersect, in Figure S1. IMPACT is a global,
partial equilibrium multimarket model of the food system that links
pixel-scale modeling of climate, hydrology, and crops to national
level supply and demand and further to global-scale international
markets through trade. IMPACT simulates national and global agri-
cultural market behavior annually.*> Starting with FAOSTAT
data®” that have been balanced globally using a Bayesian maximum
entropy algorithm to reconcile imbalanced FAO-reported produc-
tion and consumption data, IMPACT computes annual solutions
that balance global agricultural supply and demand with prices that
clear international trade markets such that global net trade equals
zero. Food, feed, and industrial demand are determined through a
combination of endogenous and exogenous drivers (prices and pop-
ulation/income growth, respectively) with market behavior deter-
mined by income and price elasticities derived from the literature
and expert judgment. Therefore, any increases in crop production
are distributed among consumers (either domestically or in other
countries via trade) using a combination of model-generated food
price changes, as well as per capita incomes and price elasticities,
which govern a consumer’s willingness to purchase a certain quan-
tity of each food. The supply side is, likewise, simultaneously deter-
mined through a combination of endogenous and exogenous
parameters. Producers react to price changes to make within-year
adjustments to production systems that are defined by assumptions
on technological potential and trends determined through analysis
of historical data and expert judgment about likely structural change
within the agricultural sector.*647

Productivity impacts of levels of theoretically replete pollina-
tor populations were translated into yield increases according to
the food-group mapping found in Excel Table S1. In IMPACT,
two types of scenarios were run: @) baseline scenarios, where pro-
duction, trade, and consumption patterns proceeded as usual; and
b) an alternative set, where production was increased assuming
higher levels of pollination (i.e., a reduction in the pollinator defi-
cit). Three levels of high-pollinator scenarios were run: a median
case where production was increased assuming a median closure
of the pollinator yield gap, as well as low and high 95%
confidence-bound scenarios. Levels of yield increases for polli-
nated crops at aggregate world regions are detailed in Table S1.

In our higher-pollination scenarios, pollinated-yield boosts
were introduced in the year 2010 and allowed to come into
equilibrium until the comparison year 2020. The economic equi-
librium modeling process includes simultaneous farmer and
consumer responses to the changes in production and the
ensuing international commodity prices, encompassing changes
in farming intensity, crop choice, and farmed area to account for
farmers’ varying profit incentives; changing consumer diets after
accounting for food prices and their elasticities of demand; and
shifting trade markets to rebalance the flow of food from more or
less productive regions. IMPACT is anchored to empirically
derived data in year 2005 (an average of 2004-2006) and cali-
brated to available data up to 2012 using smoothed 3-y averages,
after which it is then based on assumptions that change in 5-y
increments. This multiyear smoothing limits the model’s ability
to account for volatile annual changes to crop production or price
(e.g., the 2007-2008 global food price spike and crisis) but,
instead, is designed to capture the behavior of the agricultural
and food system in response to long-run trends, such as popula-
tion and income growth, or the influence of sustained global tem-
perature increases.

After 2012, simulations were run to 2020 using five global cli-
mate models [National Oceanic and Atmospheric Administration’s
Geophysical Fluid Dynamic Laboratory model (GFDL), Hadley
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Centre’s Global Environment Model (HGEM), Institut Pierre
Simon Laplace’s Earth System Model (IPSL), Model for
Interdisciplinary Research on Climate (MIRO), Norwegian Earth
System Model (NORE)] under a moderate radiative forcing model
[Representative Concentration Pathway (RCP) 4.5]*% and a moder-
ate shared socioeconomic pathway scenario (SSP2).*? The various
SSPs do not diverge significantly until after 2020, and SSP2 was
used solely to bridge 2010 to 2020 by accounting for changes in pop-
ulation and gross domestic product (GDP), as well as elasticities
calibrated to a business-as-usual future. This allowed for the model
to resolve changes in global food production, consumption, and
trade that flow from these demographic and economic drivers. The
average and standard deviation from among the five global climate
models were used for each of the four scenarios—namely, the base-
line and three high-pollinator scenarios—in subsequent health
modeling.

Nut consumption, unlike other food categories, required addi-
tional steps before being used as an input to health models.
Groundnuts were explicitly reported in IMPACT, whereas tree
nuts were included in a broader IMPACT category of “other crops”
that included other pollinator-benefitting crops (cloves and “spices,
other”), and nonpollinated or inedible crops (e.g., jute, tobacco,
rubber). To estimate the food availability of tree nuts, we used per
capita estimates from the FAO food balance sheet estimates®’ as
our baseline values. We then calculated the difference between cur-
rent and high-pollinator production and consumption values for
the “other crops” category in each country from IMPACT.
Separately, using FAO data, we estimated the percentage that tree
nuts constituted in the production and consumption of pollination-
benefitting “other crops” in each country. For example, if Country
X consumes 9 g/d of tree nuts, 1 g/d of cloves, and 5 g/d of
“spices, other,” we would estimate that tree nuts account for 60%
of the consumption of pollination-benefitting “other crops”; a simi-
lar calculation was also made for production in each country. We
then multiplied these percentages by the total absolute change in
production and consumption of “other crops” under high-
pollinator scenarios from IMPACT to approximate the pollinator-
attributable change in tree nut production and consumption. Tree
nut production and consumption values were added to groundnut
values and used as inputs in estimating the health implications.

Health Outcomes

We used a global risk—disease model focused on dietary and
weight-related risk factors to quantify what impacts the changes in
pollination could have on mortality in each country (Figure 1,
module E). The model is based on a comparative risk assessment
framework with eight risk factors and five disease endpoints.>® In
comparative risk assessments, one compares different levels of
risk exposure—for example, a situation where lead levels in mu-
nicipal water are high compared with a counterfactual case where
lead in the water is zero—and calculates the consequences of that
relative level of risk in terms of health outcomes, using an empiri-
cally established relationship between risk and outcome. Risks can
be binary (e.g., lead exposure exceeding a certain threshold) or
continuous (e.g., functions equating higher lead levels to increas-
ingly severe cognitive or developmental consequences). Based on
several variables—an exposure variable (e.g., lead concentrations),
the RR of a health outcome given a certain risk exposure (e.g., em-
pirical relationship between lead levels and developmental impair-
ment), and the current occurrence of health outcomes under
consideration (e.g., prevalence of developmental impairment in
the community)—one can then compute what amount of existing
health burden is attributable to the current risk exposure.

In our study, the risk factors included high consumption of red
meat and low consumption of fruits, vegetables, nuts, and legumes,
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as well as being underweight [body mass index (BMI) < 18.5],
overweight (25 < BMI <30), and obese (BMI >30). The disease
endpoints included coronary heart disease, stroke, type-2 diabetes
mellitus, cancer (in aggregate and as site-specific ones, such as colon
and rectum cancers), and an aggregate endpoint of all-cause mortal-
ity associated with changes in weight.>® Further information on RRs
associated with each of these endpoints is described below. A table
showing the groupings of individual foods into health-related food
groups is found in Excel Table S1 (“other crops,” “palm crop,” and
“other grains,” also included in Excel Table S1, were not included in
the health modeling).

For specifying the exposure levels of the dietary and weight-
related risk factors, we used and adjusted the food availability esti-
mates from IMPACT. For the dietary risk assessment, we used re-
gional data on food wastage at the consumption level (Excel Table
S3), combined with conversion factors into edible matter>! to con-
vert food availability estimates into proxies for food consumption.
For reference, consumption values of major food groups after
removing waste are listed in Excel Table S4. For the weight-
related risk assessment, we used current weight levels and the his-
torical relationship between food availability and BMI to estimate
changes in weight levels in the different scenarios. The mortality
and disease burden attributable to dietary and weight-related risk
factors were then estimated by calculating population impact frac-
tions (PIFs) and applying those to age and country-specific mortal-
ity rates.”>=>* PIFs represent the proportions of disease cases that
would be avoided when the risk exposure was changed from a
baseline situation (the current diet) to a counterfactual situation
(the pollination scenarios). For specifying the exposure levels of
the dietary and weight-related risk factors, we used and adjusted
the food availability estimates from IMPACT.

RR estimates that relate the risk factors to the disease
endpoints were adopted from meta-analyses of prospective cohort
studies for dietary risks?>~2433 and pooled cohort studies for
weight-related risks.’>% RRs used in our calculations are pro-
vided in Excel Table S5. In line with the meta-analyses, we
included nonlinear dose-response relationships for fruits and
vegetables?? and nuts>* and assumed linear dose-response rela-
tionships for the remaining risk factors.?*37-8 Because our analy-
sis was primarily focused on mortality from chronic diseases, we
focused on adults >20 years of age, and we adjusted the RR esti-
mates for attenuation with age based on a pooled analysis of
cohort studies focused on metabolic risk factors>® in line with
other assessments.>*%! In addition to changes in total mortality,
we also calculated years of life lost. Health modeling was per-
formed in GAMS (version 38; GAMS).

Sources and Treatment of Uncertainty in the Global Model

Three main sources of uncertainty were propagated through the
model to capture the full range of possible outcomes. The first
and largest quantifiable source was introduced by the relationship
between insufficient pollination and crop yields. For this, we used
the empirically derived distribution of possible pollinator yield
gaps (Excel Table S2) and, described above, as inputs into a
Monte Carlo simulation (N = 1,000) to quantify the possible per-
centage loss of each pollinated food caused by insufficient polli-
nation. A randomly chosen pollinator-attributable yield gap
percentage was chosen for each iteration, the total yield gap for
that food and country was closed by that amount, and a percent-
age change in food production was calculated. We then identified
the median, 2.5th percentile, and 97.5th percentile values from
among the 1,000 Monte Carlo runs for each food and country.
Additional uncertainty was also introduced from the global
trade and health modeling. As mentioned previously, IMPACT
used multiple climate and socioeconomic models to bridge the
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Table 1. Modeled lost production and consumption (95% Uls) of healthy food groups due to insufficient pollination.

Lost food due to insufficient pollination (percentage change relative to high-pollinator scenarios)

Production Consumption
Country groups Fruit Vegetables Nuts Fruit Vegetables Nuts
Income group
Low -4.7(-8.2,-0.5) -26.0(-32.5,-16.5) -84 (-14.0,-19) -15(-2.3,-09) -3.1(-4.0,-2.1) —-6.5(-8.9,-3.5)
Lower middle -10.3 (=125, -53) —13.0(-18.2,-54) —1.8(-3.8,0.6) -4.0(-54,-2.0) -33(-49,-13) -54(-7.0,-3.2)
Upper middle -4.5(-6.8, =2.0) 1.6 (-3.4,4.9) -5.3(-8.38,2.1) -49(-6.7,-2.1) -3.0(-4.7,-09) -3.7(-53,-1.5)
High 5.3 (1.9, 8.6) 1.2 (-2.1,4.9) 7.1 (—4.6,16.4) -4.8(-6.3,-29) -3.1(-42,-18) -119(-15.7,-6.7)
Region
East Asia and Pacific -4.2(-74,-1.3) 4.6 (=0.9,7.7) -5.4(-8.7,14) -5.7(-8.0,-2.1) -3.0(-4.8,-0.6) -3.6(-52,-1.3)
Europe and Central Asia —5.3 (-8.7,-0.5) —-11.1(-16.7,-4.7) -0.8(-18.2,154) -4.8(-6.1,-3.3) -3.0(-3.9,-2.1) -11.2(-14.2,-7.8)
Latin America -23(-43,-0.2) -5.3(-10.7,0.0) 0.0 (-9.6, 11.0) -24(-3.7,-1.1) -3.1(-4.7,-14) -10.6(-15.6, —4.6)
Middle East/N. Africa -6.7(-9.6,-29) -89(-154,-1.7) -56(=-20.7,17.1) -52(=74,-27) -2.1(-3.0,-13) —44(-59,-2.6)
North America 11.8 (1.7, 19.2) 7.5 (1.1, 12.5) 12.4 (0.6, 19.2) -5.7 (-8.6,-1.1) —-4.4 (-7.0,-0.7) —-11.3(-16.9, -2.4)
South Asia —134(-16.1, -3.8) —-19(-8.2,5.0) 0.1(-2.5,3.1) -45(-6.5,-1.1) -39(-6.1,-0.7) —-3.9(-5.7,-0.6)
Sub-Saharan Africa -1.7(-3.9,04) —36.1 (-41.6, -19.8) —6.9(-10.4, -3.0)0 -13(-1.9,-0.6) -3.4(-4.5,-2.1) -7.0(-9.2,-4.6)
World -47(-7.1,-08) -32(-53,-04) -47(-69,-05) -46(-7.0,-08) -32(-53,-04) —6.1(-9.5,-0.8)

Note: Positive values in production indicate where production is currently higher than it would be if pollination were sufficient given that they would likely import these foods rather
than grow them domestically. Definitions for each food category are found in Excel Table S1. Supporting data on the population and current production tonnage by food group for
each income group and region are found in Table S2. Income and region classifications are from the World Bank.®?

gap between the base year in IMPACT (2010) and our analysis
year (2020). Because of the complexity and time required to run
IMPACT, it was not feasible to use all Monte Carlo model output
from module C (Figure 1) to generate 1,000 IMPACT model
(module D) outputs. Instead, we used three high-pollinator sce-
nario outputs from among the 1,000 outputs from module C: me-
dian, 2.5th percentile (“low pollinator”) and 97.5th percentile
(“high pollinator”). Therefore, IMPACT was run four times
(benchmark plus three high-pollinator scenarios) and the average
and standard deviation of the output (driven by the various gen-
eral circulation models) was calculated.

Finally, the outputs of these four scenarios (plus standard devia-
tions) were passed on to be used as inputs in health modeling, mod-
ule E. Here, additional uncertainty was introduced from the RR
parameters of each food—outcome pair. Using averages and 95% Cls
from previously reported RRs, we ran three comparisons between
each high-pollinator scenario and the benchmark to estimate the
change in mortality that would be caused by changes in diet. We
used 95% RR ClIs associated with RR estimates using error

propagation methods. Final median values in Tables 1 and 2 reflect
the average of the “average” scenario, whereas the 95% uncertainty
interval (UI) reflects the upper bound of the high-pollinator scenario
and the lower bound of the low-pollinator scenario.

It is worth mentioning that not all model components had
associated uncertainties, and our final estimates do not reflect a
true encapsulation of all potential outcomes. Specifically, most
IMPACT model (module D) inputs—such as price elasticities,
intrinsic productivity growth rates, and farmer planting/effort
choices—did not have quantifiable uncertainties attached.
Likewise, our global yield gap measurements (module A) were
not capable of reporting uncertainties. Therefore, our reported
uncertainties are likely too narrow.

Economic Analysis for Case-Study Countries

To quantify the economic penalty of insufficient pollination, we
chose three case-study countries—Honduras, Nepal, and Nigeria—
to identify the implications for the lost economic value of

Table 2. Excess mortality (95% Uls) attributable to insufficient pollination by risk factor.

Current excess annual deaths attributable to insufficient pollination,
total and by dietary risk factor (thousands)

Current deaths from insufficient

pollination as percentage

Country groups Fruit Vegetables Nuts Other risk factors Total of total mortality
Income group
Low 2(0,4) 2(0,3) 2(0,3) 2(0,4) 9(2,15) 0.3 (0.1, 0.5)
Lower middle 44 .(9,71) 43 (8,72) 18 (4, 26) 6(1,9) 110 (22, 179) 0.6 (0.1, 1.0)
Upper middle 111 (21, 180) 78 (16, 129) 32 (7, 50) —12 (=20, -2) 208 (41, 338) 1.0 (0.2, 1.6)
High 31 (6, 50) 28 (6, 46) 47 (10, 72) -5 (-8,-1) 101 (21, 159) 1.0 (0.2, 1.5)
Region
East Asia and Pacific 98 (19, 160) 59 (12,97) 21 (4, 32) -6 (-9, -1) 171 (34, 278) 1.0 (0.2, 1.7)
Europe and Central 37 (7,58) 35(7,59) 42 (9, 65) -7 (-12,-1) 107 (22, 169) 1.2 (0.2, 1.9)
Asia
Latin America and 8 (1,13) 5(1,9) 4(1,6) -2 (-4, -0) 14 (3, 25) 0.4 (0.1,0.7)
Caribbean
Middle East and 10 (2, 16) 5(1,9) 4(1,5) -2 (-4, -0) 16 (3,27) 0.8 (0.2, 1.3)
North Africa
North America 9(2,15) 12 (2, 19) 16 (3, 26) -1 (-2,-0) 36 (7,57) 1.1 (0.2, 1.8)
South Asia 23 (5,37) 30 (6, 52) 8(2, 10) 6 (1, 10) 67 (13, 109) 0.6 (0.1, 1.0)
Sub-Saharan Africa 4(1,6) 4(1,6) 4(1,7) 4(1,6) 16 (3, 26) 0.3 (0.1,0.5)
World 189 (37, 305) 151 (31, 251) 99 (21, 151) -9(-14,-2) 427 (86, 691) 0.8 (0.2, 1.3)

Note: “Other risk factors” include changes in red meat and legume consumption, as well as changes in overweight, underweight, and obese populations. Negative values indicate cur-
rent risk-attributable deaths that may increase under higher-pollination scenarios, such as those caused by a greater prevalence of overweight and obese populations and increases in

red meat consumption.
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agricultural production due to inadequate pollination in an individ-
ual country. Case-study countries were chosen based on the follow-
ing criteria: low or lower-middle income; diverse population size,
economy, agricultural system, and geography; being economically
reliant on pollination-dependent crops (including cash crops); and a
stated interest or strategy to protect pollinators. An exception to
these criteria was that Honduras did not have an established plan nor
official interest to protect pollinators. However, very few Latin
American countries have officially prioritized protecting pollinators,
and Honduras’s reliance on coffee production for their national
economy, coupled with increasingly narrow profit margins driven
by escalating climate change, suggested that identifying opportuni-
ties to increase yields that did not further degrade the environment
may be salient. Finally, they were chosen to be illustrative of more
typical response behavior for different categories of lower-income
regions globally, instead of outliers to represent the upper bound of
potential losses.

For these countries, we performed the counterfactual high-
pollinator scenario only in each country of interest individually,
and all other countries were parameterized as in the baseline sce-
nario. As in the production and consumption modules, global
markets were allowed to come into equilibrium between the pro-
duction boost in 2010 and the comparison year 2020. To give an
overall indication of the economic impact associated with the
high-pollinator scenario, the economic value of production was
calculated as the product of the estimated international price of
each commodity multiplied by its total production. This metric
gives a conservative indication of the benefits of increased polli-
nator populations with a focus on the supply side while
consumer-side benefits, although likely positive but more compli-
cated to estimate in this limited modeling exercise, are left aside.

Results

Globally, we estimated that the world is currently losing 4.7%
(0.8%, 7.1%) of total production of fruit, 3.2% (0.4%, 5.3%) of
vegetables, and 4.7% (0.5%, 6.9%) of nuts due to insufficient pol-
lination (Table 1). All parenthetical ranges in Results indicate
95% Uls. Had these foods been produced, distributed through the
global food trade system, and consumed (assuming current per-
centage rates of food loss and waste), we estimated that 427,000
(86,000, 691,000) excess global annual deaths, mostly from
chronic NCDs, would have been averted (Table 2).

Our model showed that lost food production was greatest in
lower-income countries, primarily because these countries had
the largest yield gaps based on our estimates and would experi-
ence greater absolute yield increases from adequate pollination
than countries with smaller overall yield gaps (Table 1).
Importantly, this result was underpinned by the earlier finding
that the contribution of insufficient pollinators to a farm’s overall
yield gap was independent of its geography, degree of agricul-
tural intensification, and several other agronomic and landscape
characteristics.>® In some areas, pollinator deficits in our models
were found to be substantial; an estimated 26% (17%, 33%) of
vegetable production and 8% (2%, 14%) of nut production in
low-income countries was estimated lost due to inadequate polli-
nation, as well as 10% (5%, 13%) of fruit production and 13%
(5%, 18%) of vegetable production in lower—-middle-income
countries.

These modeled production losses, when mediated by the global
trade system, led to decreases in fruit and vegetable consumption
that ranged from 2% to 5% compared with high-pollinator scenar-
ios, and from 4% to 12% less nut consumption. On average, our
model estimated that trade would have transferred production from
lower-income countries to higher-income countries. This was
especially evident when looking across regions (Table 1), where,
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for example, we saw that North America consistently experienced
the greatest reductions in consumption (in percentage terms) across
all food categories. Meanwhile, sub-Saharan Africa saw much
more modest impacts on estimated consumption of fruits and
vegetables.

Calculated Mortality Burden Resulting from Lost
Pollination

Our model-generated results of reduced production and consump-
tion of pollinator-dependent crops drove large mortality burdens
(Table 2). Pollinator deficits were estimated to be responsible for
1% of total annual mortality in both upper—middle- and high-
income countries. Globally, decreased fruit and vegetable intakes
accounted for the highest amount of increased mortality, 189,000
(37,000, 305,000) and 151,000 (31,000, 251,000) deaths respec-
tively, primarily due to stroke, coronary heart disease, and cancer
(Figure 2). Low nut intake also contributed an estimated 99,000
deaths annually (21,000-151,000) Other minor beneficial factors
under high-pollinator scenarios (higher legume consumption,
fewer underweight) as well as detrimental factors (higher obese
and overweight, higher red meat consumption), reduced our final
mortality estimates relative to a high-pollinator scenario by 9,000
(2,000, 14,000) annual deaths, or ~2%. For total avoidable
deaths, the largest number was found in upper—middle-income
countries and the lowest number in low-income countries. This
was due in part to the very large populations in upper—middle-
income countries (3 billion people; including China, Indonesia,
and Brazil) compared with low-income countries (675 million
people), coupled with the higher baseline rates of chronic dis-
eases in upper—-middle-income countries that could have been
ameliorated by eating more healthy foods.

Our modeled health effects of inadequate pollination were not
evenly distributed. Figure 3 and Table 2 show the regional distri-
bution of the health burden from the pollinator deficit. Areas with
particularly high health burdens included China, India, Central
Asia, Eastern Europe, and Russia and parts of Southeast Asia and
North Africa. These regions shared high baseline prevalence rates
of underlying dietary-affected NCDs, as well a greater loss of the
protective effect from consumption of pollinator-dependent
foods. Much of Southern and Eastern Africa, Latin America,
Western Europe, and Australia would have seen relatively little
difference in mortality under higher-pollination scenarios com-
pared with the present day.

Calculated Economic Losses Resulting from Lost
Pollination

When comparing current and modeled yields assuming replete
pollination, the annual lost economic value across all agricul-
tural commodities—represented here as a commodity’s annual
production quantity multiplied by its international price—for
our three case-study countries amounted to —12% (-3%,
—19%) in Honduras, —17% (=5%, —22%) in Nigeria, and
=31% (—=13%, —32%) in Nepal (Table S3). These economic
losses were attributable to crop production losses of —3%
(=1%, —=5%) in Honduras, —15% (=5%, —18%) in Nigeria,
and —19% (=7%, —20%) in Nepal. The greater percentage eco-
nomic loss compared with production loss (by weight) suggests
that pollinated crops constituted high-value commodities for
these countries.

Dividing modeled economic losses (Table S3) by the 2020
population related to the agricultural sector®>%* amounted to an
annual lost value per person in Honduras of USD $209 ($42,
$363), USD $250 ($83, $264) for Nepal, and USD $325 ($81,
$442) for Nigeria (all in 2005 USD). Although lost agricultural

130(12) December 2022



250

200

150

Thousands of deaths
=

50

-50 1 |

Current mortality attributable to insufficient pollination by cause of death

'//A Other

[>XX]
(X
vees Cancer
50504

Stroke

e
o

Coronary heart disease

Type 2 diabetes

Low Low middle
Income level

Upper middle High

Figure 2. Current annual mortality estimated to be attributable to inadequate pollination and its dietary effects, by cause of death and country income.
Inadequate pollination is defined as a combination of too-little flower visitation and scant pollinator diversity to achieve optimal yields. More information of
“other risk factors” and causes of negative values may be found in the caption for Table 2. Source data may be found in Excel Table S6.

value is only a rough proxy for lost income, for reference the
total 2019 Nepalese agricultural GDP divided by the population
employed in agriculture was USD $326 (all in constant 2010
USD). Honduras’s 2019 agricultural per capita GDP is USD
$799 and Nigeria’s is USD $1,486, also suggesting a consider-
able potential loss to incomes. Because such a large share of the

population is employed in agriculture in these countries—30% in
Honduras, 35% in Nigeria, and 64% in Nepal®>—this effect could
be substantial for these countries and for other agriculture-
dependent nations globally.

In all countries, the lost value of production was dominated by
fruits and vegetables: 84% (84%, 85%) of total lost production value

Current life-years lost attributable
to insufficient pollination
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Figure 3. Life-years lost per capita estimated to be attributable to insufficient pollination. Insufficient-pollination—related health conditions include dietary and
weight factors. Values represent median of model runs. Source data may be found in Excel Table S7. Map outline sourced from https://thematicmapping.org/

downloads/world_borders.php.
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in Honduras, 84% (63%, 86%) in Nigeria, and 100% (99%, 100%) in
Nepal (Table S3). The importance of these food categories in eco-
nomic terms reflected their current dominance in each country: In
Honduras and Nepal, fruits and vegetables are currently the highest-
value agricultural commodity category, and they are the second-
most valuable commodity in Nigeria behind roots and tubers.
Following fruits and vegetables, several additional crops were esti-
mated to contribute to significant economic losses: Honduras lost
most value from pulses (10% of total loss; 11%, 11%) and “other
crops” (7% of total loss; 6%, 7%), primarily coffee. Nigeria lost sig-
nificant value from underperforming vegetable oil (8% of total loss;
7%, 26%) and oil crop (7%; 5%, 10%) categories, led by palm fruit
and oil, as well as smaller losses among “other crops” (2%; 2%, 3%),
mainly cocoa. Nepal was estimated to lose nearly all its value from
fruits and vegetables, but these estimates have large accompanying
error bars due to the poor specificity of its reporting of specific fruit
and vegetable production.

Example: Poland

Here we expand our analysis in a single country in detail to help
demonstrate how the models operate individually and together.
Unless otherwise noted, all data is derived from sources listed in the
“Methods” section above. Furthermore, because values are pre-
sented to inform the reader of how our individual models intercon-
nect rather than to highlight Poland’s results per se, all numbers
represent median values of our modeled uncertainties for simplicity.

Three-quarters of Poland’s animal-pollinated crop production,
excluding oilseeds, comes from three crops: apples (53%),
cucumbers (11%), and tomatoes (10%).3” To understand Poland’s
missing potential due to insufficient pollination, we first com-
pared Poland’s average crop yields with its potential yield based
on a selection of yields globally grown on cropland that has a
similar climate to Poland’s. Poland’s average reported yield' for
apple is 12.1 metric tons (t)/ha compared with an attainable yield
of 15.8 t/ha; cucumbers, 11.5 t/ha on average vs. 18.9 t/ha attain-
able; and tomatoes, 15.5 t/ha on average vs. 37.8 t/ha attainable.

Of the gap between the average and estimated climatically
attainable yields, we relied on robust field-based empirical work
to assume that roughly a quarter of the difference is caused by
insufficient pollination after controlling for other potential varia-
bles (e.g., industrialized farming techniques, input use, irrigation,
soil properties, proximity to natural areas) (for details, see
“Closing the pollinator yield gap” the “Methods” section above).
From this, we estimated that if pollinators were abundant and
diverse, Poland could produce 8% more apples, 12% more
cucumbers, and 28% more tomatoes. Widening the lens to both
animal- and nonpollinated crops, we estimate that, under greater
pollination, Poland could produce 13% more fruit and 3% more
vegetables than at present. The larger value for fruit reflects that
animal-pollinated vegetables make up a smaller proportion of
total production based on our calculations.

If Poland and the rest of the world were producing greater vol-
umes of fruit and vegetables (among other crops) in a more polli-
nated world, economic principles that underpin our IMPACT
global economic model would predict that farmers would follow
new price incentives by changing what they plant or the effort they
expend. Global consumers would also buy and eat differently
based on food prices, accommodated by shifts in global trade
flows. These local and global forces combine in our modeled
results for Poland by driving up exports of surplus fruit to meet
new demand elsewhere, increasing imports of now less expensive
vegetables to meet domestic demand, and increasing domestic con-
sumption of fruits by 6% and vegetables by 4%. Interestingly, nut
intake is estimated to increase from 4.2t0 5.0 g/d, driven entirely
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by increased imports caused by higher supply and lower prices
(very few nuts are grown domestically).

Our model suggests that these relatively modest diet changes
nevertheless would have the benefit of reducing avoidable mor-
tality from chronic disease. Higher fruit intake could be estimated
to help avoid 1,400 deaths annually in Poland due to decreased
risk of stroke (900 deaths avoided), cancer (300 deaths), and cor-
onary heart disease (200 deaths). Furthermore, higher vegetable
intake could lead to reduced mortality from coronary heart dis-
ease (1,000 deaths), cancer (500 deaths), and stroke (200 deaths).
Higher nut intake could help avoid 1,700 deaths, all from coro-
nary heart disease. All together, these beneficial changes to the
diet could be estimated to avoid 4,700 deaths per year.

Discussion

Our results suggest that suboptimal pollination appears to be al-
ready driving significant excess mortality globally and loss of
economic value in producing regions. Furthermore, they suggest
that it is also likely widening inequality in diets and health out-
comes given that a reduced supply of pollinated foods would
raise prices and narrow access within and across countries.
Today’s estimated health impacts of insufficient pollination
would be comparable to other major global risk factors: those at-
tributable to substance use disorders, interpersonal violence, or
prostate cancer.®* We found that in percentage terms, this health
burden was estimated to be borne disproportionately by upper—
middle- and high-income countries, and much of the absolute
burden was estimated to be suffered in middle-income countries
with large populations, namely, China, India, Indonesia, and
Russia. In addition, our analysis showed that the lower-income
countries we examined could also be losing considerable agricul-
tural income from depressed yields, potentially on the order of
10%-30% of total agricultural production value.

It is worth noting that our estimates of the health impacts of
global pollinator deficits are likely to be conservative. In this
analysis, we focused on a single pathway: the impact of lost
pollinator-dependent crop production and consumption on deaths
from NCDs. However, the loss of pollinator-dependent crops is
likely to impact health in other important ways not addressed by
our analysis. One way is increased prevalence of micronutrient
deficiency, particularly for vitamin A and folate. Although falling
globally, there are still substantial global burdens of disease from
these deficiencies,® and pollinator-dependent crops are responsi-
ble for a large share of these nutrients in the global diet.®
Another pathway is the indirect effect of reduced income among
farmers in low and lower—-middle-income countries. Presumably,
the higher incomes associated with higher per capita crop yields
in producing regions would translate into health benefits, particu-
larly for lower-income countries. Finally, other health opportuni-
ties, such as reduced access to health-benefitting bee products
(e.g., honey, propolis, royal jelly) and pollinated medicinal plants
that are important in both industrialized and traditional medi-
cines, may be lost. Analysis of these effects, however, was
beyond the scope of this paper.

This study represents a unique, cross-disciplinary combina-
tion of data and modeling to quantify the health implications of
inadequate pollination on a global scale. A previous analysis®®
investigated more extreme theoretical future scenarios of 50%,
75%, and 100% removal of global pollinators and their implica-
tions on diets and health, finding a predictably more severe
impact on agricultural production and health. With 100% removal
of pollinators, they found that supplies of fruit, vegetables, nuts,
and seeds could fall by 16%-23%, leading to 1.4 million addi-
tional annual deaths globally due to the ensuing dietary and nutri-
tional changes. However, unlike this prior study, which examined
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the implications for extreme hypothetical scenarios of severe or
complete pollinator loss, the present analysis aimed to quantify
the present-day penalty being paid by inadequate global pollina-
tion compared with our achievable potential. As such, it serves to
inform and target strategies aimed at boosting pollinating insect
populations by quantifying the potential health and economic
benefits of adopting such policies.

We provide four accompanying notes to explain and justify
our results. First, our data sets for both the total yield gap of each
crop and country, as well as the pollinator-attributable yield gap,3°
are derived from recorded or empirical measurements, making
them congruent and applicable to our research question. Our sec-
ond note is a justification for the use of a single percentage—25.5%
(95% UI: 5.5%, 45.4%)—to characterize the pollinator-attributable
yield gap for all pollinator-dependent crops globally. This percent-
age was identified from an empirically derived regression model af-
ter controlling for many other confounding variables: location
(latitude and longitude), management intensity, isolation from
semi-natural or natural habitats, the estimated percentage pollinator
dependence of each crop from Klein et al.,>! baseline floral density,
and the size of the total yield gap. Some of these variables were
also found to be significantly correlated with yields—such as man-
agement intensity, isolation from natural habitats—whereas most
were not, most importantly, the crop’s estimated pollinator depend-
ence percentage. This last finding can also make intuitive sense
given that farmers of highly pollinator-dependent crops may recog-
nize the necessity of pollinators and therefore manage them,
whereas farmers of low-to-intermediate pollinator-dependent crops
may not cultivate pollinators so aggressively. In this case, a pump-
kin farmer (high pollinator-dependent crop) near a peanut farmer
(low pollinator-dependent crop) may have similar pollinator defi-
cits despite very different crop pollinator dependence. Because the
pollinator yield relationship was found to be independently signifi-
cant after controlling for a large slate of predictor variables, we
believe it is a robust empirical finding that we could confidently
apply broadly. Third, we address how our model results may
underestimate the true effect. Given that many agricultural inputs
will continue to be optimized globally over time (e.g., fertilizers,
other agrochemicals, improved seed, increased mechanization),
whereas pollinator populations are expected to continue their
decline, these countervailing trends are likely to increase the
pollinator-attributable portion of the yield gap globally. Therefore,
it is possible that our results may ultimately underestimate the true
effect of insufficient pollination on global health and diets. Fourth
and finally, we note that our estimates of global food production
and consumption are underpinned by FAO data drawn from nation-
ally reported accounts, which can be unreliable in some countries
given a low prioritization of agricultural data collection or poor
quality data. It is difficult to estimate the magnitude or direction of
these errors because of a slim literature systematically assessing
data quality. Most available studies comparing FAO data with
more reliable survey data have found that FAO tends to produce
higher estimates of fruit and vegetable consumption. This includes
non-starchy vegetable consumption in sub-Saharan Africa,®’
although fruit and total fruit/vegetable intakes did not show a con-
sistent and significant bias when measured by FAO compared with
different methods. However, we have attempted to correct for this
in our estimates by removing retail and domestic food waste, which
is included in FAO food availability estimates but not others.

Our results underscore the importance of pollinators for human
health and increase the urgency of implementing pollinator-friendly
policies to halt and reverse the trends of pollinator declines. Diverse
research investigating the optimal policies to benefit pollination
have shown remarkable consensus around a short list of highly
effective strategies: increase flower abundance and diversity on
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farms, reduce pesticide use, and preserve or restore nearby natural
habitat.?868-7! This encouraging scientific agreement has already
spurred action worldwide, with many countries creating and imple-
menting their own national pollinator protection strategies. Despite
this promising momentum, immense challenges remain for the res-
toration of pollinator populations globally. In this analysis, we have
demonstrated that the protection of animal pollinators is not solely
an ecological or environmental issue but also has significant impli-
cations for human health and economic well-being.
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