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Summary

There is evidence that pollinators are declining as a result of
local and global environmental degradation [1-4]. Because
a sizable proportion of the human diet depends directly or in-
directly on animal pollination [5], the issue of how decreases
in pollinator stocks could affect global crop production is of
paramount importance [6-8]. Using the extensive FAO data
set [9], we compared 45 year series (1961-2006) in yield,
and total production and cultivated area of pollinator-depen-
dent and nondependent crops [5]. We investigated temporal
trends separately for the developed and developing world
because differences in agricultural intensification, and so-
cioeconomic and environmental conditions might affect
yield and pollinators [10-13]. Since 1961, crop yield (Mt/ha)
has increased consistently at average annual growth rates
of ~1.5%. Temporal trends were similar between pollina-
tor-dependent and nondependent crops in both the devel-
oped and developing world, thus not supporting the view
that pollinator shortages are affecting crop yield at the
global scale. We further report, however, that agriculture
has become more pollinator dependent because of a dispro-
portionate increase in the area cultivated with pollinator-
dependent crops. If the trend toward favoring cultivation of
pollinator-dependent crops continues, the need for the ser-
vice provided by declining pollinators will greatly increase
in the near future.
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Results and Discussion

Although many crops have a long history of human selection,
this has not, in most cases, circumvented their pollinator de-
pendency. Pollinators can even enhance seed production of
genetically engineered crops such as canola, soybean, and
sunflower [14-16]. Interestingly, the incidence of pollination
limitation (i.e., the percent of species that do not express their
full reproductive potential in terms of fruit or seed set
when pollination is limited) is relatively high among cultivated
plants, ~60%, similar to the incidence observed in wild spe-
cies [17, 18]. For these reasons, we expect that many crops
could be susceptible to current declines in pollinator abun-
dance and diversity of wild pollinators [1, 19, 20] and increas-
ingly frequent collapses of managed honey bee (Apis mellifera)
populations [2, 3, 21, 22].

Using FAO data [9], we examined temporal trends in yield,
total production, and cultivation of crops over the past five de-
cades in relation to pollinator dependency at a global scale.
Particularly, we compared the group that depends to some
extent on pollinators to produce the parts we consume (fruits
or seeds) to the group of crops that does not depend on animal
pollination, mostly because they are wind- or autogamously
pollinated or cultivated for their vegetative parts (e.g., leaves,
stems, tubers, etc.). This latter nondependent group also
includes crops, such as potatoes and other vegetables, which
do not depend directly on pollinators for the production of the
parts we consume but for which pollinators are still important
for propagation via seed or in breeding programs. The animal-
pollinated crops represent a phylogenetically diverse group of
species for which production, in terms of number or size of the
seeds or fruits, is influenced by the presence of pollinators.
The degree of dependence, however, varies greatly, such
that absence of effective pollinators would reduce production
by 100% in the extreme case, and by only a few percent for
low-dependence species [5, 23]. Temporal trends were ana-
lyzed separately for the developed and developing world
(see justification in the Supplemental Data available online).

The most stringent expectation from the hypothesis that
global agriculture is experiencing a pollination shortage [6-8,
24] is that, all else being equal, pollinator-dependent crops
should show declining average yield (i.e., metric tonnes per
hectare) during at least the last part of the 45 year study period,
a trend that would not be observed among the nondependent
crops. This is probably a highly naive prediction considering
that nothing has remained equal; agriculture is substantially
more intensified today than half a century ago, and there has
been increasing use of selectively bred or genetically modified
high-yielding crop varieties [10]. We might then expect an
increase over time in yield for most crops, regardless of their
degree of pollinator dependency. However, under a pollina-
tion-shortage scenario we could predict a lower relative yield
growth among pollinator-dependent than that among nonde-
pendent crops, a trend exacerbated in recent decades if polli-
nators had become an increasingly limiting resource [1].

Contrary to expectation, we found little evidence of differ-
ences in relative yield between pollinator dependent and
nondependent crops. Yield has increased since 1961 by
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Figure 1. Temporal Trends in Mean Crop Yield
from 1961 to 2006

For each crop grown in the developed world and
developing word, we estimated the percent
change of yield (A yield) at year t with respect to
its value in 1961. The depicted means (+1 SE) in
relative yield were estimated from all pollinator-
dependent and nondependent crops included in
our data set and from a subset of ten pollinator-
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(mean = 1 SE) 1.30% = 0.32%/year in the developed world
and 1.61% = 0.17%/year in the developing world. Overall the
mean relative yield of pollinator-dependent crops showed
a similar increase over time as the mean relative yield of the
nondependent crops for both the developed and developing
world (Figure 1). We found no significant differences in the
average growth rate in relative yield between dependent
and nondependent crops in the developed world (mean = 1
SE =1.31 = 0.50 versus 1.28% = 0.35%/year, t test, t = 0.05,
Df = 68, p = 0.96) or developing world (mean + 1 SE =1.53 =
0.24 versus 1.72% = 0.23%/year, t test, t = —0.59, Df = 80,
p = 0.59). Because many tropical, pollinator-dependent crops
are exclusively or predominantly cultivated in the developing
world (e.g., Brazil nut, cocoa beans, oil palm, etc.), we also
compared trends in relative yield for a subset of ten common
pollinator-dependent crops and ten common nondependent
crops (see the Supplemental Data for details on crop selec-
tion). Analysis of this crop subset revealed no significant effect
of pollinator dependency despite a trend toward a lower
growth rate in average yield among pollinator-dependent
than in that among nondependent crops in both the developed
and developing world (Figure 1, Figure S1, and Table S1). Thus,
these results do not support the view that a pollination short-
age affects agriculture at a global scale.

Further distinction among dependent crops does suggest,
however, that high pollinator dependence might impose a limit
to the rate of yield growth. This was particularly apparent in
the case of the highly pollinator-dependent crops from the
developing world that exhibited an average growth rate in rel-
ative yield that was half the rate shown by the crops with low
pollinator dependence (Figure S2 and Table S2). A similar pat-
tern was found in the developed world once we excluded
a crop complex, Cucurbita spp., a putative outlier in terms of

will be an even greater demand for agri-
cultural land to meet growing global
consumption.

The subset of 20 shared crops also
illustrates differences in yield according
to the extent of development in the region. Despite the fact
that productivity of both pollinator-dependent and nondepen-
dent crops increased almost 2-fold during the study 45 year
period, the differences between the developed and developing
world in absolute yield in 1961 (mean = 1 SE = 5.8 + 1.63 ver-
sus 3.3 = 0.94 Mt/ha, paired t test, t = 3.14, Df =19, p = 0.0053)
still persisted in 2006 (mean = 1 SE =10.5 + 2.88 versus 7.6 +
2.51Mt/ha, paired t test, t = 2.75, Df =19, p = 0.012). Higher ab-
solute crop yields observed in the developed world compared
with the developing world presumably reflect disparate socio-
economic conditions and differences in agricultural intensifi-
cation and subsidy policies [12, 13]. However, these contrasts,
as well as environmental differences between these two re-
gions of the world, did not seem to influence to any large extent
differences in the growth rate in relative yield between pollina-
tor-dependent and nondependent crops (Figure 1, Figure S1,
and Table S1). The absence of a positive correlation in the
annual growth rate in relative yield across this shared
crop subset between the developed and developing world
(r=-—0.135,N =20, p = 0.57), further implies that growth in yield
is influenced quite idiosyncratically, to at least some extent, by
socioeconomic or environmental factors rather than by intrin-
sic crop traits. Thus, although differences between the devel-
oped and developing world appear to be important drivers of
change in agriculture, none of these changes is so strongly
linked to the pollination problem that a clear signal emerges.

Unlike yield, aggregate production of pollinator-dependent
and nondependent crops showed strikingly different temporal
trends. In both the developed and developing world there has
been a steady increase in the production of pollinator-depen-
dent crops that surpassed the increase rate in the production
of nondependent crops (Figure 2). Pollinator-dependent crops
contributed 8.4% to total agriculture production in the
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developed world in 1961, whereas this value increased to
14.7% by 2006. Indeed, in the developed world the production
of nondependent crops started to decline in the late 1980s;
such a decline was related to a drop in cereal production in
North America and Europe. This decline was driven by factors
unrelated to crop breeding and pollination systems but related
to changes in agricultural subsidies and the economic and po-
litical disruption created by the fall of communism in Eastern
Europe and the former Soviet Union [25]. Similarly, although
aggregate production of both dependent and nondependent
crops showed a vigorous increase in the developing world,
the relative increase in production of dependent crops ap-
pears to be exponential, contrasting with the linear growth
shown by the nondependent crops (Figure 2). Therefore, polli-
nator-dependent crops contributed 13.7% to total agriculture
production in the developing world in 1961, whereas this value
increased to 22.6% by 2006. Our estimates for aggregate
production of crops that depend at least partially on pollina-
tors for the parts that we consume are below the recent esti-
mate of 35% [5] because we did not include crops that depend
on pollinators only for the seeds used for sowing or breeding
rather than for the plant parts that we consume. Including all
these crops in the dependent crop category would only accen-
tuate the differences in the temporal trends we observed in
total production and cultivated area according to the pollina-
tor-dependency category. Thus, despite claims and evidence
of strong declines in domestic and wild pollinators reported for
different regions of the world [1, 3, 20], the aggregate produc-
tion of pollinator-dependent crops has been steadily increas-
ing over the last decades.

Changes over time in the relative contribution of pollinator-
dependent and nondependent crops to global agriculture

whereas the area cultivated with nonde-

pendent crops stayed relatively con-

stant until the late 1980s and declined

by almost 40% since then (Figure 2). As
a consequence, the percentage of cropping land devoted to
pollinator-dependent crops in the developed world increased
from 18.2% in 1961 to 34.9% in 2006. In the developing world,
cultivation of both dependent and nondependent crops ex-
panded over the time period considered, but the cultivation
of dependent crops expanded at a higher rate than nondepen-
dent crops (Figure 2). Whereas dependent crops as a group
occupied 23.4% of all cropping land in the developing world
in 1961, this figure increased to 32.8% by 2006. The net effect
of these trends is that global agriculture has become increas-
ingly pollinator dependent over the last five decades. This in-
crease in the relative representation of crops dependent on
pollinators may in turn relate to increasing diversification in
the human diet, particularly in industrialized nations, and glob-
alization in food trade [26]. This trend might be further exacer-
bated in the future as some fast-expanding, insect-pollinated
crops (e.g., oil palm and canola) are candidates for large-scale
biofuel production [27].

Conclusions

A decline in domestic and wild pollinators brought about by lo-
cal and global environmental degradation might be compro-
mising the production of pollination-limited crops. Although
we found some evidence that high pollinator dependence
might be imposing a limit on the rate of yield growth, data
we analyze here do not support the hypothesis that pollinator
decline has affected crop yield at a global scale (see also [28]).
This result does not contradict existing evidence of diminished
fruit or seed set of crops grown in landscapes with little natural
vegetation (e.g., [16, 29-31]), but it does suggest that these
phenomena recorded at local scale do not aggregate up to
a global depression in yield by pollinator-dependent crops.
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On the other hand, our results reveal a “flowering-the-earth”
trend; during the last 45 years there has been a net increase in
the total area devoted to agriculture and a clear shift in the rel-
ative importance in the cultivation of pollinator-dependent ver-
sus nondependent crops at a global scale. Spread in the culti-
vation of these pollinator-dependent crops has occurred not
only through the destruction and replacement of natural and
seminatural habitats but also at the expense of land previously
cultivated with pastures and nondependent crops [32, 33]. In
any event, the global increases over time we report in the
absolute and proportional area of cropping land devoted to
cultivation of animal-pollinated crops may have important eco-
logical and economic consequences in terms of growing polli-
nation demands from declining domestic and wild pollinator
stocks.

Supplemental data

Supplemental Data include Experimental Procedures, two figures, and three
tables and can be found with this article online at http://www.current-biology.
com/supplemental/S0960-9822(08)01240-2.

Acknowledgments

We thank N.P. Chacoff, T. Kitzberger, J.M. Morales, L.A. Morandin, D.P.
Vazquez, and three anonymous reviewers for useful comments and sugges-
tions. This work was partly conducted within the framework provided by the
Restoring Pollination Services Working Group supported by the National
Center for Ecological Analysis and Synthesis, a Center funded by National
Science Foundation (grant no. DEB-0072909). Partial funding by the Argen-
tina National Council for Research (PIP 5066) and the National University of
Comahue (B126/04) is acknowledged. M.A.A. is a career researcher of the
Argentina National Council for Research, whereas L.A.G. holds a fellowship
from the same institution. A.M.K. is supported by the Alexander von Hum-
boldt Foundation.

Received: June 17, 2008

Revised: July 23, 2008

Accepted: August 22, 2008
Published online: October 16, 2008

References

1. Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemuller, R., Edwards,
M., Peeters, T., Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D.,
et al. (2006). Parallel declines in pollinators and insect pollinated plants
in Britain and the Netherlands. Science 373, 351-354.

2. Kluser, S., and Peduzzi, P. (2007). Global Pollinator Decline: A Literature
Review (Geneva: UNEP/GRID).

3. Oldroyd, B.P. (2007). What’s killing American honey bees? PLoS Biol. 5,
e168.

4. National Research Council. (2007). Status of Pollinators in North Amer-
ica (Washington, DC: National Academies Press).

5. Klein, A.M., Vaissiére, B.E., Cane, J.H., Steffan-Dewenter, I., Cunning-
ham, S.A., Kremen, C., and Tscharntke, T. (2007). Importance of pollina-
tors in changing landscapes for world crops. Proc. R. Soc. B Biol. Sci.
274, 303-313.

6. Allen-Wardell, G., Bernhardt, P., Bitner, R., Burquez, A., Buchmann, S.,
Cane, J., Cox, P.A., Dalton, V., Feinsinger, P., Ingram, M., et al. (1998).
The potential consequences of pollinator declines on the conservation
of biodiversity and stability of food crop yields. Conserv. Biol. 12, 8-17.

7. Kremen, C., and Ricketts, T. (2000). Global perspectives on pollination
disruptions. Conserv. Biol. 14, 1226-1228.

8. Steffan-Dewenter, l., Potts, S.G., and Packer, L. (2005). Pollinator diver-
sity and crop pollination services are at risk. Trends Ecol. Evol. 20, 651-
652.

9. FAOSTAT. (2007). Data available at http://faostat.fao.org/site/408/
default.aspx. Last accessed in January 2008.

10. Matson, P.A., Parton, W.J., Power, A.G., and Swift, M.J. (1997). Agricul-
tural intensification and ecosystem properties. Science 277, 504-509.

11. Allen, J.C., and Barnes, D.F. (1985). The causes of deforestation in de-
veloping countries. Annals of the Association of American Geographers
75,163-184.

12

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Conway, G. (2001). The doubly green revolution: Balancing food, pov-
erty and environmental needs in the 21st century. In Tradeoffs or Syner-
gies? Agricultural Intensification, Economic Development and the Envi-
ronment, D.R. Lee and C.B. Barrett, eds. (Wallinford: CABI Publishing),
pp. 17-34.

Evenson, R.E., and Gollin, D. (2003). Assessing the impact of the green
revolution, 1960 to 2000. Science 300, 758-762.

Chiari, W.C., Toledo, V.A.A., Ruvolo-Takasusuki, M.C.C., Oliveira,
A.J.B., Sakaguti, E.S., Attencia, V.M., Costa, F.M., and Mitsui, M.H.
(2005). Pollination of soybean (Glycine max L. Merril) by honeybees
(Apis mellifera L.). Brazilian Archives of Biology and Technology 48,
31-36.

Greenleaf, S.S., and Kremen, C. (2006). Wild bees enhance honey bees’
pollination of hybrid sunflower. Proc. Natl. Acad. Sci. USA 703, 13890-
13895.

Morandin, L.A., and Winston, M.L. (2006). Pollinators provide economic
incentive to preserve natural land in agroecosystems. Agric. Ecosyst.
Environ. 116, 289-292.

Knight, T.M., Steets, J.A., Vamosi, J.C., Mazer, S.J., Burd, M., Campbell,
D.R., Dudash, M.R., Johnston, M.O., Mitchell, R.J., and Ashman, T.L.
(2005). Pollen limitation of plant reproduction: Pattern and process.
Annu. Rev. Ecol. Evol. Syst. 36, 467-497.

Thomson, J.D., and Goodell, K. (2001). Pollen removal and deposition
by honeybee and bumblebee visitors to apple and almond flowers. J.
Appl. Ecol. 38, 1032-1044.

Fitzpatrick, u., Murray, T.E., Paxton, R.J., Breen, J., Cotton, D., Santo-
rum, V., and Brown, M.J.F. (2007). Rarity and decline in bumblebees-
A test of causes and correlates in the Irish fauna. Biol. Conserv. 136,
185-194.

Kosior, A., Celary, W., Olejniczak, P., Fijal, J., Krél, W., Solarz, W., and
Plonka, P. (2007). The decline of the bumble bees and cuckoo bees (Hy-
menoptera: Apidae: Bombini) of Western and Central Europe. Oryx 41,
79-88.

Delaplane, K.S., and Mayer, D.F. (2000). Crop Pollination by Bees (Wall-
ingford: CABI Publishing).

Watanabe, M.E. (1994). Pollination worries rise as honey bees decline.
Science 265, 1170.

Roubik D.W., ed. (1995). Pollination of Cultivated Plants in the Tropics
(Rome: FAO).

Westerkamp, C., and Gottsberger, G. (2002). The costly crop pollination
crisis. In Pollinating Bees - The Conservation Link between Agriculture
and Nature, P. Kevan and V. Imperatriz Fonseca, eds. (Brasilia: Ministry
of Environment), pp. 51-56.

Dyson, T. (1999). World food trends and prospects to 2025. Proc. Natl.
Acad. Sci. USA 96, 5929-5936.

Pelto, G.H., and Pelto, P.J. (1983). Diet and delocalization: Dietary
changes since 1750. J. Interdiscip. Hist. 14, 507-528.

Somerville, C. (2007). Biofuels. Curr. Biol. 17, 115-119.

Ghazoul, J. (2005). Buzziness as usual? Questioning the global pollina-
tion crisis. Trends Ecol. Evol. 20, 367-373.

Blanche, K.R., Ludwig, J.A., and Cunningham, S.A. (2006). Proximity to
rainforest enhances pollination and fruit set in orchards. J. Appl. Ecol.
43,1182-1187.

Ricketts, T.H., Daily, G.C., Ehrlich, P.R., and Michener, C.D. (2004). Eco-
nomic value of tropical forest to coffee production. Proc. Natl. Acad. Sci.
USA 101, 12579-12582.

Richards, A.J. (2001). Does low biodiversity resulting from modern agri-
cultural practice affect crop pollination and yield? Ann. Bot. (Lond.) 88,
165-172.

Fearnside, P.M. (2002). Soybean cultivation as a threat to the environ-
ment in Brazil. Environ. Conserv. 28, 23-38.

Grau, H.R., Aide, T.M., and Gasparri, N.l. (2005). Globalization and
soybean expansion into semiarid ecosystems of Argentina. Ambio 34,
265-266.


http://www.current-biology.com/supplemental/S0960-9822(08)01240-2
http://www.current-biology.com/supplemental/S0960-9822(08)01240-2
http://faostat.fao.org/site/408/default.aspx
http://faostat.fao.org/site/408/default.aspx

	Long-Term Global Trends in Crop Yield and Production Reveal No Current Pollination Shortage but Increasing Pollinator Dependency
	Results and Discussion
	Conclusions

	Acknowledgments
	References


