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Abstract

Several North American bumblebee species have recently undergone dramatic
declines. The use of managed, pathogen-carrying bumblebees for pollination
of greenhouse crops began shortly before these declines, and wild bumble-
bees near greenhouses now have high pathogen loads. This has led to specu-
lation that pathogen spillover from commercial bumblebees caused declines of
these species. We test this hypothesis using a large dataset of bumblebee occur-
rence records and agricultural census data. We find support for the pathogen
spillover hypothesis for two species but no evidence that pathogen spillover
caused the near disappearance of the previously widespread Bombus affinis.
Furthermore, we show that pesticide use and habitat loss are unlikely to be
major causes of decline for any of the Bombus species examined. Collectively,
our analyses underscore that there remains an urgent need to identify causes
of pollinator population losses.

doi: 10.1111/j.1755-263X.2012.00234.x

Introduction

Several bumblebee (Bombus Latreille) species have re-
cently undergone dramatic declines in North America. In
the late 1990s, species in subgenus Bombus Latreille began
declining precipitously (Thorp & Shepherd 2005). Losses
of species in this subgenus and in subgenus Thoracobombus
Dalla Torre have since been documented regionally (Colla
& Packer 2008; Grixti et al. 2009; Colla & Ratti 2010)
and across the United States (Cameron et al. 2011). Bum-
blebees are major pollinators of both wild and agricul-
tural plants in temperate regions, so widespread declines
have implications for biodiversity and food production
(Goulson et al. 2008).

Pathogen spillover could explain widespread bumble-
bee declines. In the early 1990s, shortly before declines
of species in subgenus Bombus became apparent, bum-
blebees began to be commercially supplied to North
American greenhouses to pollinate tomatoes (Velthuis &
van Doorn 2006) and sweet peppers (Shipp et al. 1994).

Commercial bumblebees tend to have high pathogen
loads (Whittington & Winston 2003; Otterstatter &
Thomson 2008), and because bumblebees often escape
from greenhouses (Morandin et al. 2001; Whittington
et al. 2004), commercial bees may spread disease to wild
populations. Indeed, pathogen loads of wild bumble-
bees have been shown to be higher near greenhouses
(Colla et al. 2006; Otterstatter & Thomson 2008), indi-
cating that pathogen spillover from greenhouses occurs.
Furthermore, declining species have higher pathogen lev-
els than stable species (Cameron et al. 2011), consis-
tent with the hypothesis that certain bumblebee species
are declining because they are more susceptible to these
diseases. Consequently, there has been speculation that
pathogen spillover may contribute substantially to de-
clines of species in subgenus Bombus (see e.g., Berenbaum
et al. 2007; Williams & Osborne 2009).

Here, we evaluate the contribution of pathogen
spillover from commercial bumblebees to declines of
wild bumblebees in North America. Assessing the role
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of pathogen spillover is critical to developing appropriate
policies for protecting native species and regulating the
commercial bumblebee industry. The temporal associa-
tion between bumblebee declines and the onset of com-
mercial bumblebee use makes pathogen spillover a com-
pelling hypothesis, but it is premature to conclude this
is the main cause for declines (Meeus et al. 2011). We
evaluate the hypothesis that chronic pathogen spillover
from commercial bumblebees, as demonstrated in areas
surrounding greenhouses (Colla et al. 2006; Otterstatter
& Thomson 2008), is responsible for wild bumblebee
declines by testing whether spatial patterns of decline
are associated with commercial bumblebee use. Recent
surveys show that pathogen loads in wild bumblebees de-
cline rapidly with distance from greenhouses using com-
mercial bumblebees (Otterstatter & Thomson 2008), indi-
cating that, if chronic pathogen spillover is the main cause
of decline, range contractions should generally have oc-
curred in areas with high use of commercial bumblebees,
whereas species should have persisted in areas with less
commercial bumblebee use. It should be noted, however,
that our analysis does not address the possibility that de-
clines were caused by an acute spillover event and rapid
disease spread through wild populations (see Cordes et al.
2012 for evidence of high pathogen loads in some bum-
blebee populations far from greenhouses).

We also consider pesticide use and habitat loss, other
factors that have been proposed as potential causes of
North American bumblebee declines (Colla & Packer
2008). If either were causing declines, we predict that
species should generally have been lost from areas with
high pesticide use or habitat loss, while persisting in areas
with low pesticide use or habitat loss.

Our study is the first to test whether pathogen spillover
is directly linked to declines of North American bumble-
bee populations. Our results substantiate calls for poli-
cies to reduce pathogen spread from commercial bumble-
bees and highlight the need for more research to identity
threats to bumblebees.

Methods
Bumblebee range contractions

We compiled a database with 65,866 North
American bumblebee occurrence records, mostly consist-
ing of specimen records with some expert observations,
from 11 museum or natural history collections and 3
private collections. The three largest contributing datasets
were the Canadian National Collection (14,393 records),
American Museum of Natural History (13,786 records),
and Peabody Museum of Natural History (10,239 records;
see supporting information for complete list of sources).

Causes of bumblebee declines

To this database we added records from Cameron et al.
(2011).

Using this database,
Bombus affinis Cresson, Bombus terricola Kirby, and Bom-
bus pensylvanicus DeGeer. B. affinis and B. terricola are both
in the subgenus Bombus, and may be declining because of
pathogen spillover (Berenbaum ef al. 2007; Otterstatter
& Thomson 2008). Three western species, Bombus oc-
cidentalis Greene, Bombus franklini Frison, and Bombus
moderatus Cresson (part of the Bombus lucorum Linnaeus
complex), also members of this subgenus, were omit-
ted from analyses because our dataset was dominated
by eastern collections (Figure 1). B. pensylvanicus is in
the subgenus Thoracobombus and persists at higher num-
bers than the other species, but was analyzed because
it also declined sharply in the past 20 years and has
high pathogen loads compared to stable species (Cameron
etal. 2011).

For each species, we compared occurrence records
from 1980-1990, before the start of rapid declines
(Cameron et al. 2011), with those from 2000-2010, af-
ter rapid declines had begun (Thorp & Shepherd 2005),
to evaluate how ranges contracted after several years of
commercial bumblebee use, which began in the early
1990s (Velthuis & van Doorn 2006). This was done per
county (USA) or census division (Canada), using county
and census division boundary files (USDA 2004; Statis-
tics Canada 2002). A species was considered to have per-
sisted in a county/division if it had at least one occur-
rence record in that county/division in 2000-2010. A
species was considered to have been lost (where a loss
was loosely defined as the loss of detectable numbers of
the species) from a county/division if the following crite-
ria were met: (1) the species had at least one occurrence
record for the county/division in 1980-1990; (2) the
species had no occurrence records for the county/division
in 2000-2010; and (3) there was at least one occur-
rence record for the county/division in 2000-2010 for
any species in the database (this criterion prevented areas
without recent collections from being falsely identified as
losses).

we examined declines of

Predictors

The first predictor variable was vegetable greenhouse
density, used as a proxy for the density of commercial
bumblebee use. The area of vegetable greenhouses per
county/division was obtained from the 2001 and 2002
Canadian and American Agricultural Censuses (Statis-
tics Canada 2001; USDA 2002) and converted into den-
sities by dividing by county/division land areas. About
95% of global commercial bumblebee sales are for use in
tomato greenhouses and, in countries where this practice
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Figure 1 Occurrence records for B. affinis (A), B. terricola (B), B. pen-
sylvanicus (C), and all bumblebee species (D). Blue points representing
records from 2000 to 2010 are overlaid on green points representing

has been adopted, a large majority of greenhouse tomato
growers use commercial bumblebees (Velthuis & van
Doorn 2006) indicating that tomato greenhouse density
is a good proxy for commercial bumblebee use. We in-
stead used vegetable greenhouse density because tomato
greenhouse data were not available for the time period
and entire region of interest but tomato and vegetable
greenhouse densities from the 2007 American Agricul-
tural Census are tightly correlated (r = 0.94, see support-
ing information), indicating that vegetable greenhouse
density is also a reasonable proxy. We used data from the
2001 and 2002 agricultural censuses because, although
census data is also available for other years, the area of
tomato greenhouses (which increased during the 1990s)
had plateaued in Canada and the U.S. by 2000 (Cook &
Calvin 2005) indicating that data from the 2001-2002
censuses should reasonably represent the entire second
time period.

Because counties and census divisions are arbi-
trary boundaries, and greenhouses may cause pathogen
spillover into surrounding counties/divisions, we ad-
justed all vegetable greenhouse density values to reflect
the average greenhouse density in the surrounding area.
We made a grid map of Canada and the U.S. where each
1 km? cell was assigned the greenhouse density value
of the county/division, using county and census divi-
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records from 1980 to 1990. The background shows the outline of U.S.
counties and Canadian census divisions.

sion boundary files (Statistics Canada 2002; USDA 2004).
Cell values were then replaced by average values for all
cells within 100 km of the target cell. Finally, averages
of these new density values were calculated for each
county/division. These adjusted values are more repre-
sentative of pathogen spillover, which is not limited by
political boundaries, and therefore results reported here
use adjusted values; however, use of raw density values
does not substantially alter our results (see supporting
information).

We also examined pesticide use as a predictor of de-
cline of our target Bombus species. The application area of
herbicides and insecticides was obtained per
county/division from the 2001 and 2002 Canadian
and American Agricultural Censuses (Statistics Canada
2001; USDA 2002) and converted into densities by
dividing by land area. Although it would have been ideal
to employ a measure of pesticide use that incorporates
varying pesticide toxicities and application rates, these
data were unavailable across our entire study area and
pesticide application area has been shown to be a strong
predictor of species losses (Gibbs et al. 2009).

As a proxy for habitat loss, we used the change in hu-
man population density between 1990 and 2000 (the in-
terval between the periods we considered for our bum-
blebee data). Population change was calculated using
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American census counts (US Census Bureau 2002) and
Canadian population estimates based on census counts
(Statistics Canada 2007) and converted into densities by
dividing by land area. This variable was used to repre-
sent habitat loss, even though it may not capture habitat
loss in all contexts (e.g., agricultural expansion involving
little population change), because, to our knowledge, a
dataset more directly measuring habitat loss (e.g., a map
of land use or land cover change) was not available at the
required temporal and spatial scales.

Spatial analyses used ArcGIS/ArcInfo 9.2 and 10 (ESRI,
Redlands, CA, USA).

Analysis

We used logistic regression to evaluate the relationships
between bumblebee losses and the predictor variables.
We evaluated losses per county or census division for
each species, as described above, and then evaluated the
relationships between losses and vegetable greenhouse
density, herbicide use density, insecticide use density,
and change in human population density. Individual lo-
gistic regressions were carried out for each predictor and
then stepwise regression was used to identify multivari-
ate models that better explain losses than single variable
models. Although our analysis involved spatial data, we
used standard nonspatial logistic regression because anal-
ysis of residuals from our nonspatial models indicated
that spatial autocorrelation in the residuals was weak and
limited to short distances (see supporting information)
and, even in the presence of spatial autocorrelation,
coefficient estimates from current spatial logistic regres-
sion methods are more biased, or at best no better than
estimates from nonspatial logistic regression models
(Dormann 2007). Predictor variables were log-
transformed (with constants added to bring values
above zero before transformation) to help satisfy the as-
sumption of logit linearity (Hosmer & Lemeshow 2000).
We used Nagelkerke R?, a likelihood-based measure
that can be interpreted similarly to OLS R?> (Nagelkerke
1991), as a measure of model fit. Statistical analyses were
conducted using R 2.11.1 (R Development Core Team
2010) with use of the Design package (Harrell 2009).

Results

There were significant, although weak, relationships be-
tween losses of B. terricola and B. pensylvanicus and veg-
etable greenhouse density, with losses more frequently
occurring in counties/divisions with higher vegetable
greenhouse density (Figure 2; P = 0.0048, Nagelk-
erke R? = 0.17 for B. terricola; P = 0.0034, Nagelkerke

Causes of bumblebee declines

R? = 0.08 for B. pensylvanicus). We did not detect a signifi-
cant relationship between losses of B. affinis and vegetable
greenhouse density (Figure 2; P = 0.14, Nagelkerke
R* =0.07).

We did not find significant relationships between losses
and pesticide use or the relationships were in the opposite
direction than predicted (Table 1). We also did not de-
tect significant relationships between losses and change
in human population density for B. affinis or B. pensyl-
vanicus (Table 1). For B. terricola, there was a significant
relationship with change in human population density
(P = 0.0070). However, change in human population
density is correlated with vegetable greenhouse density
(r = 0.50), and is not significant after controlling for veg-
etable greenhouse density (P = 0.10).

Stepwise regressions carried out with all predictors for
each species did not reveal any superior multivariate
models. The final model always only had one significant
predictor (herbicide density in the opposite direction than
predicted for B. affinis and vegetable greenhouse density
for B. terricola and B. pensylvanicus).

Discussion

Here, we find the first evidence linking pathogen spillover
directly to declines of North American bumblebees. Con-
sistent with the hypothesis that pathogen spillover is
causing widespread bumblebee declines, populations of
B. terricola and B. pensylvanicus are more likely to have
been lost from areas with high densities of commercial
bumblebee use. This underlines the increasingly recog-
nized threat of emergent diseases to biodiversity (Daszak
et al. 2000) and has policy implications for bumblebee
conservation. Given the threat of pathogen spillover to
B. terricola and B. pensylvanicus and potentially other bum-
blebee species, we urge actions that reduce or eliminate
pathogen spread from commercial bumblebee operations,
such as rigorous pathogen screening in rearing facilities,
implementing controls to prevent bumblebees from leav-
ing greenhouses, and restricting use of commercial bum-
blebees in open fields (see Meeus et al. 2011 for a re-
view). An alternative explanation for the patterns we
found could be competition with escaped managed bees.
We find this a less likely explanation given that the man-
aged species is native in the ranges of our study species.
Regardless, either explanation justifies increased control
of managed bumblebee use. One example of a legislative
approach is the controlled use of exotic Bombus terrestris
Linnaeus in Japan, which was developed using studies of
the ecological impacts of this species and strives to bal-
ance threats to biodiversity and benefits to agriculture
(Goka 2010).
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Figure 2 Scatterplots and logistic regression results of losses of B. affinis, B. terricola, and B. pensylvanicus in American counties or Canada census
divisions against vegetable greenhouse density. Vegetable greenhouse density is in units of m? of greenhouse per km? land area. Coefficients, P-values,
and Nagelkerke R? values from logistic regressions are shown. N = 57, 74, and 168 for B. affinis, B. terricola, and B. pensylvanicus, respectively.

Table 1 Results of logistic regression of losses of B. affinis, B. terricola, and B. pensylvanicus in American counties or Canada census divisions against

herbicide use density, insecticide use density, and change in human population density. Herbicide and insecticide use density are in units of km? area

of use per km? land area and change in human population density is in units of people per km? land area. All predictor have been log transformed with

constants added to allow for the transformation. Sample size varies within species because of undisclosed census data.

Species Predictor N Coefficient Pvalue Nagelkerke R?

B. affinis Herbicide density 56 —1.59 0.0079 0.22
Insecticide density 43 —1.43 0.43 0.02
Change in human population density 57 0.38 0.18 0.06

B. terricola Herbicide density 73 0.45 0.34 0.02
Insecticide density 59 0.01 0.99 <0.001
Change in human population density 74 0.75 0.0070 0.16

B. pensylvanicus Herbicide density 167 —0.60 0.066 0.04
Insecticide density 128 -0.33 0.84 0.001
Change in human population density 168 4.81 0.52 0.004

Although our analysis of the relationships between
declines of particular bumblebee species and density of
greenhouses is consistent with and supports a role for
pathogen spillover, it also suggests that this hypothesis
cannot completely explain observed declines. Most im-
portantly, we did not find any evidence of a relationship
between declines of B. affinis and vegetable greenhouse
density. Small sample size could partly account for this,
but the low pseudo-R?* and the fact that sample size was
not too small to preclude detecting other statistically sig-
nificant relationships for B. affinis indicate that if a re-
lationship does exist between declines of B. affinis and
greenhouse density, it is at most a weak one. Further-
more, although we did detect significant effects of veg-
etable greenhouse density on losses of B. terricola and B.
pensylvanicus, the relationships were weak and patterns of
persistence and loss remain substantially unexplained. All
species persisted in some areas with high vegetable green-
house density while being lost from other areas with low

236

greenhouse density, indicating that there are other im-
portant threats.

Although habitat loss and pesticides have well-
established negative effects on bumblebees (Goulson
et al. 2008; Williams & Osborne 2009), they are unlikely
to be main drivers of recent North American declines.
We did not find significant relationships between pat-
terns of bumblebee losses and pesticide use, or the rela-
tionships were in the opposite direction than predicted.
Although pesticides have negative impacts on bumble-
bees at the individual or colony level (e.g., Morandin et al.
2005), our results suggest that pesticides are not a main
contributor to declines of these species when their en-
tire ranges are considered. Our analysis also suggests that
habitat loss is not a major driver of widespread declines.
Furthermore, the species we examined were recently
common in both rural and urbanized regions (Colla &
Packer 2008; Cameron et al. 2011) and had therefore
already persisted through extreme habitat loss. These
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observations suggest that habitat loss is not responsi-
ble for recent precipitous declines unless acting through
threshold effects (Groffman et al. 2006). We consider it
unlikely that such effects could have simultaneously trig-
gered population declines among multiple species living
in ditferent areas, including areas that still retain exten-
sive potential habitat.

Therefore, there remains an urgent need to iden-
tifty other causes of North American bumblebee de-
clines. The role of diseases in declines deserves fur-
ther study. There are two main ways pathogen spillover
can drive disease dynamics: chronic transmission from a
reservoir population to a nonreservoir population where
transmission rate is too low to sustain an epizootic;
or transmission from a reservoir population followed
by an epizootic in the nonreservoir population (Power
& Mitchell 2004). The first type of pathogen spillover
has been demonstrated around greenhouses (Colla et al.
2006; Otterstatter & Thomson 2008) and here we show
that pathogen spillover in this form cannot fully account
for declines. However, although evidence of the sec-
ond type of pathogen spillover is lacking, an epizootic
could have occurred following transmission of a viru-
lent strain of pathogen at one or a few greenhouses
and our analyses could not detect the effects of such
an epizootic. It is also possible that diseases from other
sources are involved, e.g. some viruses can be transmit-
ted from honeybees (Apis mellifera Linnaeus) to bumble-
bees (Singh et al. 2010). Climate change is another po-
tential factor that deserves investigation. Climate change
is a major threat to biodiversity in general (Maclean &
Wilson 2011) and has been suggested as a threat to
bumblebees (Williams & Osborne 2009) but there has
been little research specific to bumblebees. It is also
possible that multiple stressors are acting together and
that no single factor accounts for the declines of all
species. Honeybee populations have also suffered great
losses in recent decades, and, despite extensive research,
no single explanatory factor has emerged; it is now
thought that multiple factors are most likely responsible
(Potts et al. 2011).

Developing strategies to effectively protect North
American bumblebees will require further research.
There is ample evidence of North American bumblebee
declines (Colla & Packer 2008; Grixti et al. 2009; Colla &
Ratti 2010; Cameron et al. 2011), and some movement
has been made toward protecting them. In Canada, B.
affinis is listed as an endangered species (COSEWIC 2010),
and B. ferricola is listed as a high priority species for as-
sessment (COSEWIC 2011). Until the causes of decline
are better known, however, designing and implementing
recovery strategies will be difficult. Our results indicate

Causes of bumblebee declines

that, at least for B. terricola and B. pensylvanicus, chronic
pathogen spillover from commercial bumblebees should
be one consideration for policies aimed at protecting these
species; however, effective policies will need to take into
account additional threats.
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Figure S2: Scatterplots and logistic regression results of
losses of B.affinis, B.terricola, and B.pensylvanicus in Ameri-
can counties or Canada census divisions against vegetable
greenhouse density. Vegetable greenhouse density is in
units of m? of greenhouse per km? land area. Coefficients,
P-values, and Nagelkerke R? values from logistic regres-
sions are shown. N=38, 46, and 116 for B. affinis, B. terri-
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gistic regressions of losses of B. affinis, B. terricola, and
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B. pensylvanicus against vegetable greenhouse density,
change in human population density, herbicide use den-
sity, and insecticide use density. Moran’s I values and as-
sociated P-values based on permutation tests are given for
the first distance class and any subsequent distance class
with significant Moran’s I values after sequential Bon-
ferroni correction. Distance classes are in increments of
200 km.

Please note: Blackwell Publishing is not responsible for
the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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