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Abstract

Worldwide, there is increasing evidence that shows a decline in pollinators, limiting crop pollination and pro-
duction. However, it is unclear to what extent Chinese agriculture could be impacted by pollinator deficits. Data
for 84 major crops in China between 1961 and 2018 were analyzed for the temporal trends in crop area and
production, agricultural economic contribution of pollination, crop yield deficits, and honey bee pollination
demand. We found a rapid increase in agricultural dependence on insect pollinators: both the cultivated area
and total production of pollinator-dependent crops increased faster than those of pollinator-independent crops
during 1961-2018.The total economic value of pollination amounted to US$ 106.08 billion in 2010, representing
19.12% of the total production value of Chinese agriculture, approximately twice the 9.5% value estimated for
global agriculture. Crops with higher pollinator dependence showed greater mean growth in cultivated area
than those with lower dependence, but lower mean growth of crop production and yield. Crop yield growth
was also more unstable with increasing pollinator dependence. The minimum pollination demand for honey
bee colonies was about three times the stock of honey bee colonies available in 2018. Furthermore, we found
a decline in crop yield deficit with the increase in honey bee colony pollination service capacity. We considered
that the shortage of pollinators resulted in the yield deficits for pollinator-dependent crops. Future increase in
the area of pollinator-dependent crops will increase the need for more pollinators, suggesting the importance
of implementing measures to protect pollinators to ensure a better-secured future for agricultural production
in China.
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Pollination is an important ecosystem service in agricultural systems
provided by managed and wild pollinators. Pollinators play a deter-
minant role in agricultural production because over 70% of the 124
globally most important crops that humans directly use for food de-
pend on or benefit from animal pollination to various extents (Klein
et al. 2007). Unfortunately, these pollinators (managed and wild) are
increasingly under threat from many factors, such as habitat loss, pesti-
cide use, disease, alien species invasions, and climate change, affecting

their abundance and diversity, which ultimately compromises pollin-
ation services (Koh et al. 2016; Liu et al. 2016; Potts et al. 2016, 2010;
Teichroew et al. 2017; Naeem et al. 2019). The crops that depend on
animal-pollinators account for approximately 35% of the global agri-
cultural production volume (Klein et al. 2007). The proportion of total
production that may be directly attributed to animal pollinators or that
may be lost in the absence of these pollinators ranges from 5% in the
developed world to 8% developing worlds (Aizen et al. 2009b).
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In addition to global analyses, national-level analyses of pol-
lination value and the size of the impact of pollinator shortage are
important because they can facilitate the formulation of specific pol-
icies. For instance, 9.5% of the global agricultural production value
could have been lost if insect pollinators were absent in 2005 (Gallai
et al. 2009). Such absence of pollinators in 2005 could account for
a decline in global GDP between 0.5% and 1.1% (Lippert et al.
2021). Effects of a complete loss of pollinators are estimated to be
between 1.0% and 1.4% of global GDP in the long term (Lippert
et al. 2021). Twelve percent of the total production value would
have been lost in East Asia in 2005 (Gallai et al. 2009) and across
Europe in 2009 (Leonhardt et al. 2013). Moreover, countries such as
Ethiopia (Alebachew 2018) and Brazil (Giannini et al. 2015) could
have experienced a decrease in production value of 16% and 30%
in 2016 and 2012, respectively; while in the Pard state of eastern
Amazon, 33% of the agricultural value could be affected (Borges
et al. 2020). In China, US$ 52.2 x 10? pollination value of vegetables
and fruits could have been lost if pollinators were absent in 2008
(An and Chen 2011). Furthermore, the insect pollination service and
value of 22 major crops account for at least 1.3% of the GDP in
China, which would also be lost in the absence of insect pollinators
(Ouyang et al. 2019).

Over 40% of the global agricultural production volume de-
pendent on animal-pollinators originates from Asia (Bauer and Wing
2010), and China is the largest producer and beneficiary of pollin-
ation on this continent (Lautenbach et al. 2012). China alone con-
tributes 30-50% of the global pollination benefits and leads among
other great pollination beneficiaries, such as India, the United States,
Brazil, Japan, and Turkey (Lautenbach et al. 2012). However, the
pollination service in China remains understudied, particularly its
level of pollinator dependence under the threat of pollinator decline
(Potts et al. 2010, Lautenbach et al. 2012, Teichroew et al. 2017,
Aizen et al. 2019).

Moreover, there is an increasing mismatch in agricultural systems
due to opposite trends between agricultural pollinator dependence
and the abundance and diversity of pollinators. The fraction of agri-
culture that depends on pollinators is rapidly increasing, and it mani-
fests through the expansion of areas cultivated with insect-pollinated
crops (Aizen et al. 2019). The conversion of lands to cultivated
areas is commonly used as an immediate strategy to compensate
for the loss of crop production or increase in crop consumption.
However, in China, almost half of the cultivated area has resulted
from vast land-use changes (deforestation) since the 1950s due to
economic reforms (Liu et al. 2014, Miao et al. 2016). This area has
been increasing more rapidly for pollinator-dependent crops than
for pollinator-independent crops (Aizen et al. 2019, 2008). Although
pollinator-dependent agriculture is increasing, pollinators (both
managed and wild bees) have become more likely to be at high risk
of various agents that act individually or synergistically to cause a
decline in their populations (Yang 2005, Koh et al. 2016, Liu et al.
2016, Teichroew et al. 2017). On the one hand, the conversion of
natural habitats into cultivated areas has fragmented and degraded
nesting areas, thus facilitating the decline in the abundance and di-
versity of pollinators (Koh et al. 2016). On the other hand, the alien
western honey bee Apis mellifera has reduced >80% of the popu-
lation and >75% of the distribution of the native honey bee Apis
cerana since its introduction into China in 1896 (Yang 2005).

Despite these threats, the number of managed honey bee colonies
in China has increased significantly (Teichroew et al. 2017), similar
to the increasing trend observed globally, with the exception of some
countries in Europe and North America that have shown a decline
in managed colonies (vanEngelsdorp and Meixner 2010, Koh et al.

2016). However, the global rate of increase in available managed
honey bee colonies is outpaced by that in pollinator-dependent agri-
culture (Aizen et al. 2009b). This has caused a low density of man-
aged colonies per unit area cultivated with pollinator-dependent
crops (Teichroew et al. 2017). The current study was performed to
determine whether the current pollination ecosystem services are
sufficient to satisfy the increasing agricultural pollination demand in
China (Teichroew et al. 2017).

The availability of resources, such as naturally available eco-
system services or human inputs supplied agriculturally to sup-
plement natural resources, influences crop yields (Garibaldi et al.
2011). A limitation in the availability of these resources, for ex-
ample, pollination shortages, hinders crop yield by causing in-
complete pollination. Agriculture may currently be at high risk of
pollen limitation because of the fast growth in demand for pollin-
ation services in relation to supply ability (Aizen and Harder 2009a,
Aizen et al. 2019). Indeed, the mismatch between available colonies
and demand decreases the probability of flower visitation and the
visitation rate, limiting seed and fruit production (Chen and Zhao
2019). Conventional agricultural practices such as fertilizer and
pesticide application, irrigation and genetic modification are used
to enhance productivity growth or improve yield. However, for
pollinator-dependent crops, effective pollination services overtake
these conventional practices in improving crop production in terms
of both quantity and quality (Klein et al. 2015, Hiinicken et al. 2020,
Sawe et al. 2020). For instance, the yield of watermelon (Citrullus
lanatus) improves when honey bee colonies are enhanced compared
to when conventional factors such as soil fertility and moisture are
improved under the limited availability of honey bees (Sawe et al.
2020). Additionally, the availability of nutrients to apple and pear
trees has a weaker effect than honey bee pollination in improving
the quantity and quality of fruits (Hiinicken et al. 2020). The above
information indicates that the impact of pollination on crop pro-
duction and growth depends on the extent of crop dependence on
pollinators. The most vulnerable crops are those that completely rely
on pollinators, especially those that depend on a narrow range of
pollinator species to set fruit (Klein et al. 2007).

Chinese agriculture might be vulnerable to a loss of pollinators
due to the presence of a high number of pollinator-dependent crops.
A shortage of agricultural pollination in China may have important
consequences for food security and livelihoods at the national
and global scale (Lautenbach et al. 2012, Teichroew et al. 2017).
Therefore, in this study, we quantified how dependent Chinese agri-
culture is on pollinators. To do so, we assessed temporal trends in
1) crop area and production according to pollinator dependence,
2) the agricultural economic contribution of pollination, and 3) crop
yield deficits and honey bee pollination demand. Such analysis will
facilitate the formulation of pollinator conservation strategies to se-
cure a better future for Chinese agriculture.

Materials and Methods

Data Collection

Data concerning crop cultivated area, production, yield, and honey
bee colony stock were collected annually from 1961 to 2018 from
FAOSTAT (FAOSTAT 2020). Price data were collected annually
only from 1991 to 2010 (because price data were not available
after 2010 for most crops). Our study focused on 84 major crops
planted in China that had full records between 1961 and 2018
from FAOSTAT. The 84 crops were categorized following Klein
et al. (2007) and Gallai et al. (2009) into five pollinator-dependence
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classes: no increase (insect pollination does not affect production,
pollinator dependence [D] = 0, 41 crops), little (in the absence of
insect pollination, production reduction >0 but <10%, D = 5%, 15
crops), modest (production reduction 210% but <40%, D = 25%,
12 crops), great (production reduction >40% but <90%, D = 65%,
12 crops), and essential (production reduction >90%, D = 95%, 4
crops) (Supp Material 1: Table S1 [online only] and Supp Fig. S1
[online only]). The crops that pollination increases breeding were
considered as pollinator-independent crops.

The recommended honey bee colony pollination densities for
crops cultivated in China were extensively searched and recorded
from the literature in both English and Chinese sources including
Web of Science, Google Scholar, PubMed, and CNKI (Breeze et al.
2011, 2014, Rollin and Garibaldi 2019; see Supp Material 2 [online
only]). The minimum, maximum, and median values of the recom-
mended colony density (RCD) of honey bee were recorded (Supp
Table S2 [online only]). Crops for which honey bee RCDs were not
found in the literature and that require buzz pollination such as to-
matoes, eggplants, chillies, and peppers (i.e., pollinated by other pol-
linators, e.g., Bombus sp.) were excluded, with a total of 34 crops
analyzed for pollination demand in this study.

Trends in Crop Area and Production From 1961
to 2018

The changes in cultivated area and the total production of pollinator-
dependent and pollinator-independent crops have been calculated
annually since 1961 (Aizen et al. 2019). The change in each de-
pendent variable, X, from 1961 until year ¢ was represented as a
percentage of the value of X in 1961, i.e., 100 (X - X, )/X,,,. The
annual growth in the cultivated area and total production was cal-
culated as the ratio of each dependent variable in consecutive years

(X/X_) (Garibaldi et al. 2011).

Economic Value of Insect Pollination

A bioeconomic approach (Gallai and Vaissiere 2009, Gallai et al.
2009) was adopted to estimate the economic value of pollinator loss
between 1991 and 2010. The economic value (EV) is the product of
the quantity (Q,) and price (P) of crop i, while the insect pollination
economic value (IPEV) is the product of the quantity (Q,), price (P),
and the dependency ratio on insect pollinators (D,) of crop i. We esti-
mated China’s agricultural economic vulnerability (RV) to pollinator
loss as the ratio of the IPEV of insect-pollinated crops to the EV of
all 84 crops.

84
EV = Z_ﬂ (Pi x Qi)
84
IPEV = Z,ﬂ (Pi x Qi x Di)

IPEV
RV = Y x 100%

CropYield Deficits and Honey Bee

Pollination Demand

The annual growth in yield was calculated as the ratio of the mean
yield in consecutive years (Y/Y ,), and the mean relative yield was
estimated as the ratio of the mean annual yield to the maximum
yield during the analyzed period (Y /Y ). The yield deficit was
estimated as the difference between the maximum yield observed
during the analyzed period and the mean annual yield in year # (Y
- Y,) (Garibaldi et al. 2011). Honey bee pollination demand (the

total number of colonies required to provide adequate pollination
service) was calculated as the product of the area of honey bee pol-
linated crops and the RCD of these crops (Breeze et al. 2011, 2014).
Our focus was on managed honey bee colonies because the abun-
dance and distribution of wild honey bees has been insufficiently
studied, their nesting behavior is complex and their nests difficult
to find, and their pollination impact cannot be estimated at present
(Breeze et al. 2011, Utaipanon et al. 2019). We assumed that within
a year, a colony could be moved (d) at least once; thus, the pollin-
ation demand was divided by 2 to represent the capacity that hives
can be moved once within year ¢ for pollination purposes (Breeze
et al. 2014).
D SlAi xZRCDid)

Where TDt# is the total honey bee pollination demand, A is the area
of crop 7, and RCDid is the honey bee RCD for crop i. The pollin-
ation service capacity (PSC) was calculated by dividing the honey
bee stock by the total honey bee pollination demand in the year ¢
(Breeze et al. 2014).

PSCt = HCt/TDt

Where PSCt is the pollination service capacity of honey bee stock to
provide adequate pollination service to crops and HCt is the honey
bee colony stock.

Results

Trends in Crop Area and Production

From 1961 to 2018, different trends were observed in China’s cul-
tivated area and production of pollinator-dependent and pollinator-
independent crops (Fig. 1). The total agricultural area of the 84 crops
increased by 22% from 1961 to 2018, representing an increase of
3x107 hectares. The area cultivated with pollinator-dependent crops
expanded by 49.7%, whereas the area cultivated with pollinator-
independent crops increased by only 14.3% (Fig. 1A). The percentage
of the agricultural area in China occupied by pollinator-dependent
crops was 21.8% in 1961, but in 2018, this percentage increased to
26.7%. The total production of the 84 crops increased by 454.3%
from 2.8 x 10° tons in 1961 to 1.6 x 10° tons in 2018, during which
the percentage of pollinator-dependent crop production in terms
of total agriculture increased from 16.7% in 1961 to 30.5% in
2018. From 1961 to 2018, the production of pollinator-dependent
crops increased by 913.8%, whereas the production of pollinator-
independent crops increased by only 362.5% (Fig. 1B). Both crop
area and production grew significantly in consecutive years for all
five pollinator-dependence classes (Fig. 2, i.e., >1). However, the
growth in area increased with pollinator dependence for all crops
except for those with little pollinator dependence (F = 23.722,
P = 0.039, Fig. 2A), whereas the growth in mean production de-
creased with pollinator dependence (F = 24.688, P = 0.016, Fig. 2B).

Economic Value of Insect Pollination

There has been a strong increasing trend in the contribution of
insect pollination to the economic value of China’s agricultural
production (Fig. 3). The vulnerability ratio of China’s agricul-
tural production to pollinator loss was only 7.6% in 1991, but
it increased to 19.12% in 2010. In 2010, the economic value of
the 84 evaluated crops used directly for human food was US$
554.92 x 10%, and the value of the 43 pollinator-dependent crops
was US$ 250.7 x 10°, equivalent to 45.18% of the total eco-
nomic value. The economic value of insect pollination was US$
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Fig. 1. Changes in the cultivated area and total production of pollinator-
dependent and pollinator-independent crops from 1961 to 2018 in China. For
each dependent variable, X, the change from 1961 until year tis represented
as a percentage of the value of Xin 1961, that is, 100(X - X,g,,)/X

1961 1961.

106.08 x 10°. Vulnerability per crop category was determined as
the ratio of insect pollination value to the total production value
in a category in order to compare the susceptibility to pollinator
decline between the categories. Based on the data from 2010,
fruits were the most vulnerable category, followed by vegetables,
oil crops, pulses, tree nuts, spices, and stimulant crops (Table 1).
However, the average vulnerability ratio of each crop category
from 1991 to 2010 showed that oil crops are more vulnerable
than vegetables and that pulses are less vulnerable compared
to tree nuts (Supp Fig. S2A [online only]). The trends in the
vulnerability ratios between 1991 and 2010 differed among the
categories, while those of oil crops, pulses, spices, and stimu-
lant crops were relatively stable. The vulnerability ratio of tree
nuts showed an obvious decline from 2009, while that of veget-
ables increased rapidly from 2007 (Supp Fig. S2B [online only]).
The vulnerability ratio’s value is, of course, determined by the
relative prices of crops, especially pollinator-dependent versus
pollinator-independent crops. The increase in vulnerability
ratio of vegetables was associated with increase in the price of
pollinator-dependent crops such as melons while the relative
increase in the prices of pollinator-independent crops such as
walnuts was associated with the decline in vulnerability ratio of
treenuts category in 2010. The top 10 crops showing high eco-
nomic value of insect pollination in China in order from high to
low were watermelon, apple, seed cotton, mango, pear, eggplant,
muskmelon, peach, soybean, and pumpkin (Fig. 4).

Pollination dependence (%)

Fig. 2. Trends in the mean (+SE) annual growth of cultivated area and total
production between 1961 and 2018 for the 84 Chinese crops categorized
according to pollinator dependence. Dashed lines represent linear regressions
based on individual crops. For each dependent variable, X, the annual growth
in year tis represented as the ratio for consecutive years, that is, X/X
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Fig. 3. Trend of the contribution of insect pollination to the agricultural
production economic value in China between 1991 and 2010.The agricultural
economic vulnerability (RV) is represented as the percentage ratio of insect
pollination economic value to the total production economic value, that is,
(IPEV /EV) x 100%.

CropYield Deficits and Honey Bee

Pollination Demand

There was a decrease in the consistency of yield growth with
the increase in pollinator dependence, in which the yield of
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Table 1. Economic impact of insect pollination for the 84 crops used directly for human food in China in 2010
Ratio of
Total production  Insect pollination vulner-
Total culti- Total crop economic value economic value ability
vated area production (EV) (IPEV) (RV)
Number of pollinator- Number of pollinator-
Crop category dependent crops independent crops 10° ha 10° tons 10°$ 10° $ %
Fruits 17 4 11.61 120.37 97.22 43.19 44.43
Vegetables 9 12 23.90 377.74 166.34 50.58 30.41
Oil crops 9 1 27.12 65.95 54.23 11.27 20.77
Pulses 2 3 2.76 3.78 3.19 0.32 10.10
Tree nuts 3 3 0.77 3.05 8.43 0.67 7.90
Spices 2 3 0.16 0.70 0.73 0.014 1.92
Stimulant crops 1 1 1.47 1.52 6.14 0.04 0.65
Cereals 0 8 89.19 497.04 142.14 0.0 0.0
Roots and 0 4 8.41 148.68 44.88 0.0 0.0
tubers

Sugar crops 0 2 1.91 120.80 31.61 0.0 0.0
Total 43 41 167.30 1,339.62 554.92 106.08 19.12

The total production economic value (EV) is represented as the sum of the product of price and quantity, that is, Pi x Q7; insect pollination economic value

(IPEV) as the sum of the product of price, quantity and pollinator dependence ratio, that is, Pi x Qi x Di; and the ratio of vulnerability (RV) as the percentage ratio

of insect pollination economic value to the total production economic value, that is, (IPEV/EV) x 100% (values are not adjusted for inflation).

5x10"°
Total production economic value (EV)
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Fig. 4. The top 10 crops in order from high to low of insect pollination
economic value in China in 2010. The total production economic value (EV)
is represented as the sum of the product of price and quantity of production,
that is, Pi x Qi, and insect pollination economic value (EV) as the sum of the
product of price, quantity and dependence ratio, that is, Pi x Qi x Di (values
are not adjusted for inflation).

pollinator-independent crops increased at a steady rate, while
more fluctuations were found in the yield growth of pollinator-
dependent crops (Fig. 5). The yield of crops in all categories
increased from 1961; however, the rate of yield improvement
decreased with increasing pollinator dependence (Fig. 6A).
Moreover, crops with high pollinator dependence had a lower
relative yield than less dependent crops, except for the four crops
in the ‘essential’ category (Fig. 6B). The available honey bee stock
in China is far below the demand, causing it to be unable to
provide adequate pollination services, and the shortage of honey
bee colonies might have caused a yield deficit for pollinator-
dependent crops. Although the stock of honey bee colonies in
China rose to 9.17 x 10¢ in 2018, which was 73.4% higher than

that in 1961, the pollination demand for honey bee colonies in-
creased three times at the minimum RCD (Fig. 7). Moreover, we
found a decline in the crop yield deficit with an increase in the
pollination service capacity for the 34 crops pollinated by honey
bees (Fig. 8).

Discussion

Trends in Crop Area and Production

The options to satisfy the increasing demand from a growing and
more affluent population involve the increase of cultivation area,
crop yield, or both (Edgerton 2009). Although approximately 12%
of the Earth’s terrestrial surface (ice-free) is already under crop cul-
tivation, more land continues to be converted to expand the cultiva-
tion areas (Schmitz et al. 2014). This has resulted in an increase in
the global cultivated area of over 40% from 1961 to 2016 (Aizen
et al. 2019), and in countries such as China, the area under crop
cultivation increased by 22% from 1961 to 2018. More pasture and
forest areas (Bahar et al. 2020) are under threat of being converted
to cultivated areas in response to changes in climate and food de-
mands (Molotoks et al. 2020).

The area cultivated with crops that depend on pollinators to
set seeds and fruits increases faster than the area cultivated with
pollinator-independent crops (Fig. 1A). Pollinator-dependent crops
occupied 26.7% of the total cultivated area in China in 2018, having
expanded by approximately 50% since 1961. Such an increase in
the proportional area devoted to pollinator-dependent crops and a
decrease in that occupied by pollinator-independent crops indicates
an increase in the dependence of Chinese agriculture on pollinators
(Aizen et al. 2008). Indeed, global agriculture is rapidly increasing
in pollinator dependence. For instance, animal-pollinated crops oc-
cupied 32.8% of the global total cultivated area in 2016, equivalent
to an increase of 70% from 1961 (Aizen et al. 2019). The increase
in the rate of agricultural dependence on insect pollinators shows
growing demand for pollination services (Aizen et al. 2019).

The increase in production showed different temporal trends
between pollinator-dependent and pollinator-independent crops, in
line with the cultivated area (Fig. 1B) (Aizen etal.2009b). Our results
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Fig. 5. Temporal trends in mean yield growth between 1961 and 2018 for the 84 crops categorized by pollinator dependence in China. Data are presented as the

mean + SD.

show that the percentage of the production of the 84 crops that can
be directly attributed to insect pollination was above 30% in 2018.
This is the aggregate result of the production of crops in the little,
modest, great, and essential pollinator-dependence categories. The
changes over time in the production of both pollinator-dependent
and pollinator-independent crops are strongly associated with the
change in the land area cultivated with these crops (Fig. 1) (Aizen
et al. 2008). For all five pollinator-dependence classes, both crop
area and production grew significantly in consecutive years (Fig. 2,
i.e.,, >1). A study conducted at the global scale revealed that growth
in both area and production increased with pollinator dependence
for all pollinator-dependent crops (Garibaldi et al. 2011). However,
in China, we found a similar trend of area growth, showing an
increase with pollinator dependence (Fig. 2A), but a contrasting
trend of mean production growth that decreased with the increase
in pollination dependence (Fig. 2B). This may be an indication of
pollination limitations because the available density of pollinators

in China is becoming insufficient to supply adequate pollination
services and meet the increasing pollination demand of Chinese
agriculture.

Economic Value of Insect Pollination

Pollination services significantly contribute to agricultural eco-
nomic production in China. Insect-pollinated crops contributed
US$ 250.7 x 10°, equivalent to 45.18% of the total crop production
value in 2010, and higher than the economic contribution of insect-
pollinated crops in other countries that greatly benefit from pollin-
ation service such as Brazil, with a value of US$ 42 x 10°, in 2013.
The agricultural pollination service in China was valued at US$
106.08 x 107, almost half of the estimated global insect-pollination
economic value (€153 x 10° = US$ 200 x 10°) in 2005 (Gallai et al.
2009). However, the global pollination values have been re-estimated
and revealed that loss of pollinators in 2005 could cause loss of total
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the honey bee colony stock in China between 1961 and 2018.

States (US$ 14.2-23.8 x 10°) (Chopra et al. 2015). This corresponds
with the finding that China is the leading pollination beneficiary
country globally (Lautenbach et al. 2012).

Insect-pollination economic value differs spatially among the
crop categories. The categories of vegetables, fruits, and oil crops,
were in order, the highest contributors to pollination value in China,
similar to global-scale contributions (Gallai et al. 2009). However,
this pattern is reversed in the United States where oilseed accounts for
the highest pollination economic value, followed by fruits and veget-
ables (Chopra et al. 2015). In European agriculture, the fruits cat-
egory has the highest pollination value, followed, in order, by spices,
vegetables, oil crops, and nuts (Gallai et al. 2010). And the most
important insect-pollinated crop is apple, which accounts for 16%
of the total insect pollination economic value in Europe (Leonhardt
etal.2013). The top 10 individual crops with high insect-pollination
economic value in China are, in order, watermelon, apple, seed
cotton, mango, pear, eggplant, muskmelon, peach, soybean, and
pumpkin (Fig. 4). Besides, the pollination function and service value
for the major crops in China differ among the provinces. The top
five provinces with high pollination function are Shandong, Henan,
Hebei, Shaanxi, and Xinjiang (Ouyang et al. 2019).

Despite the fact that agricultural production has increasingly be-
come more economically vulnerable to the loss of pollinators, a high
spatial-temporal variation exists on this vulnerability. The economic
vulnerability of China increased to 19.12% in 2010 (Fig. 3), being
approximately two times higher than that of European and global
agriculture (9.5%) in 2005 (Gallai et al. 2010, 2009). A spatial and
temporal trends analysis in global pollination benefits also found
that China was more economically vulnerable (15.3%) to a decline
in pollinators than Turkey (12%), the United States (11%), Brazil
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(10%), Russia (6.6%), and India (4.5%) in 2009 (Lautenbach et al.
2012). Moreover, Northern European countries are less economic-
ally vulnerable to pollinator declines (6.2%) than the countries of
the south (12.6%) (Gallai et al. 2010, Leonhardt et al. 2013); how-
ever, the interannual variability in the economic vulnerability to pol-
linator declines is high in the Northern than in Southern Europe
(Leonhardt et al. 2013). This is due to differences in economic activ-
ities (e.g., industrialization), the biodiversity of wild pollinators, the
number of pollinator-dependent crops grown, and climatic condi-
tions that limit the growth of many pollinator-dependent crops, par-
ticularly in colder (northern) European countries (Gallai et al. 2010,
Leonhardt et al. 2013). Nuts and fruits are the most vulnerable crops
in Europe, while edible oil crops, vegetables, pulses, and spices are
less vulnerable (Gallai et al. 2010).

Moreover, estimation of pollination value by bioeconomic ap-
proach assumes a reference crop production level under complete
pollination services and uses the pollinator dependence ratios to as-
sess the real impact of pollinator disappearance (Gallai et al. 2009).
In reality, complete pollination in ecosystems is unlikely attained,
especially in the current context of increasing pollinator decline
(Goulson et al. 20135, Soroye et al. 2020). Most crop production is
realized under partial pollination services. In this regard, the pollin-
ation values estimated can be underestimating the potential impact
of total collapse in pollination services. Nevertheless, this approach
and the assumptions it makes provide a practical tool for priori-
tizing pollinator conservation for the sustainability of agricultural
production.

CropYield Deficits and Honey Bee
Pollination Demand
Yield growth of crops in Chinese agriculture was more unstable with
the increase in pollinator’s dependence (Fig. 5). Similarly, a global
analysis revealed that the yields of pollinator-dependent crops fluc-
tuated more than those of pollinator-independent crops and that the
consistency of yield growth decreased with an increase in pollin-
ator dependence (Garibaldi et al. 2011). Likely, except for the crops
in the ‘essential category’ (four crops in China), the mean relative
yield was lower in higher pollinator-dependent crops than in less
pollinator-dependent crops (Fig. 6B). This decline in yield growth
of the pollinator-dependent crops (Fig. 6A) may be attributed to the
shortage of pollinators, which was offset by higher growth in the
cultivated area (Fig. 2A; Aizen et al. 2008, Garibaldi et al. 2011).
Globally, there is higher growth in yield and lower growth in
the cultivated area for the essential crop category than for the other
dependence categories (i.e., 0-65% dependence) (Garibaldi et al.
2011, 2009). The high yield growth of the crops in the ‘essential’
category indicates that the pollination management practices applied
for these crops decrease the limitations that could be imposed by
pollinators on yield due to environmental degradation (Garibaldi
et al. 2011, 2009). For instance, the production of essential crops in
Japan is more stable than other pollinator-dependent crop categories
due to intensive management including pollination, which is mo-
tivated by economic gains from these crops (Oguro et al. 2019).
Four essentially pollinator-dependent crops are cultivated in China:
watermelon, melon, pumpkin, and vanilla (Fig. 1 and Supp Table S1
[online only]). Honey bees are used to pollinate watermelon, melon,
and pumpkin on a large scale, or hand pollination can be used on a
small scale, while vanilla is grown under hand pollination techniques
(Garibaldi et al. 2009, Sawe et al. 2020). This shows a significant
interaction between pollinator dependence and the management
practices of farmers (Garibaldi et al. 2009, Oguro et al. 2019).

Since agriculture has become more pollinator-dependent, the de-
mand for pollination services has increased beyond the availability
of the honey bee stock. The gap between the density of available
pollinators and the demand of agriculture for pollination is unpre-
cedentedly high. Globally, the honey bee stock increased by 45%,
but the pollination demand increased by 300% (Aizen and Harder
2009a). Across Europe, the amount of honey bee colonies required
to provide adequate crop pollination increased 4.9 times as fast as
the available honey bee stock (Breeze et al. 2014). The number of
stocked honey bee colonies in China was 9.17 x 10° in 2018, but
to provide adequate pollination services for Chinese agriculture,
the demand was approximately 26.8-152 x 10° colonies, at least
three times the number of available stocked honey bee colonies at
a minimum RCD and 17 times that at a maximum RCD (Fig. 7).
This shows the existence of a rapidly growing gap in pollination for
honey bee pollinated crops in China (Teichroew et al. 2017).

Despite the richness and abundance of insect pollinators (e.g.,
bees, both managed and wild), the increase in threat factors (habitat
degradation, parasites and disease-causing pathogens, pesticides,
and climate change) causes a decline in pollinators that affects
pollination services in agricultural and natural landscape systems
(Teichroew et al. 2017). Due to the increase in the area of pollinator-
dependent crops, the pollination service capacity of the available
honey bee stock has decreased, since only a small percentage of the
area cultivated with pollinator-dependent crops can be adequately
supplied with honey bee colonies (Breeze et al. 2014). For the 34
honey bee pollinated crops in China, we found a declining trend of
yield deficit with the increase in pollination service capacity (Fig.
8). The crop yield deficit could decrease through time both because
of the increasing honey bee colony stock and other factors such as
the improving techniques of breeding and chemical nutrient man-
agements (Marini et al. 2015, Tamburini et al. 2017). The shortage
of honey bee colonies is associated with pollen limitations such as
incomplete and variable pollen delivery to pollinator-dependent
crops (Chen and Zuo 2018a, Chen et al. 2018b, Chen and Zhao
2019). Such pollen limitation hinders the yield growth of pollinator-
dependent crops and the temporal stability of agricultural pro-
duction, thus promoting further compensatory land conversion to
agriculture (Garibaldi et al. 2011).

Conclusion

This study assessed the temporal trends in Chinese agriculture and
pollination demand. Our analysis showed that there has been a rapid
increase in agricultural dependence on pollinators, vulnerability to
pollinator loss, and agricultural pollination demand, which far ex-
ceeds the available stock of honey bee colonies in China. This calls
for effective strategies to conserve wild pollinators, and to promote
beekeeping for pollination to ensure productive and sustainable agri-
culture in China.
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Supplementary data are available at Journal of Economic
Entomology online.
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