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ABSTRACT

Climate change is an important contributor to the modification of many
bumblebee species’ range boundaries. It was linked to widespread decline at the southern
edge of their distribution and to their inability to colonize new areas at the northern edge.
Additionally, bumblebee decline is aggravated by other anthropogenic threats like land
use change, agricultural practices and pathogen spillover. Predicted consequences are
numerous, and could lead to severe economic and ecological impacts on human
populations. A species-specific assessment of potential climate change impacts on North
American bumblebees, based on the most recent global change scenarios as used in the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), was
done for the first time. Using a massive dataset of georeferenced bumblebee observations
and general circulation models, a series of species distribution models explore the impact
of different climate change scenarios on climatically suitable areas of 30 bumblebee
species. Northward range shifts occur in most bumblebee species’ projected climatic
niches, revealing potential hotspots — places projected to be climatically suitable to
multiple species — under future climate scenarios. Areas where species are likely to be
lost in the absence of intervention are substantial, particularly in eastern parts of the
continent. Models showed significant contractions of current ranges even under the very
optimistic scenario in which all species disperse at 10 km/year. Results indicate that
managed relocation as well as habitat management should be considered as a
conservation strategy for some species. This research serves as a foundation for broader
discussion and research in a nascent research area. It may assist in establishing localities

where first conservation efforts could be directed for vulnerable bumblebee species.
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RESUME

Les changements climatiques contribuent de maniére importante a la
modification des limites de répartition des bourdons. Ils sont liés au déclin généralisé a la
limite sud de leur distribution et a leur incapacité de coloniser de nouveaux endroits a la
limite nord. En outre, le déclin des bourdons est aggravé par diverses menaces
anthropiques comme la transformation de I’habitat, les pratiques agricoles et les
pathogenes importés par les bourdons domestiques. Les conséquences attendues sont
nombreuses et peuvent entrainer de graves répercussions économiques et écologiques sur
les populations humaines. Une étude a grande échelle spécifique a I’espece qui évalue les
impacts potentiels des changements climatiques sur les bourdons en Amérique du Nord,
basée sur les scénarios des changements climatiques les plus récents tels qu’utilisés dans
le cinquieéme Rapport d’évaluation du Groupe d’experts intergouvernemental sur
I’évolution du climat (GIEC), a été réalisée pour la premiere fois. En utilisant un
ensemble de données massif d'observations géoréférencées de bourdons et des modeles
de circulation générale, une série de modeles de distribution explorent I'impact de
différents scénarios de changements climatiques sur des zones climatiques tolérées par 30
espéces de bourdons. Un mouvement vers le nord de la niche climatique de la majorité
des espéeces est observe, ce qui révele des endroits potentiellement importants pour
multiples especes de bourdons dans le futur. Les zones ou les especes sont susceptibles
d’étre perdues en absence d’intervention sont importantes, particulierement dans la partie
est du continent. Les modeles démontrent une réduction significative des zones de
répartition actuelles méme pour le scénario optimiste dans lequel le taux de dispersion

¢était de 10 km/année. Les résultats indiquent que la migration assistée, accompagnée de
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la gestion de 1’habitat, devrait étre considérée comme stratégie de conservation pour
certaines especes. Cette recherche servira de base a une discussion et a une investigation
plus vastes dans un domaine de recherche naissant. Elle peut aider a établir des localités
ou les premiers efforts de conservation pourraient étre dirigés pour les especes de

bourdons vulnérables.
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Introduction

Global climate change affects large-scale species distributions and range
boundaries (Thomas 2010; Schweiger et al. 2012; IPCC 2014). Most biological
communities are now exposed to new combinations of climatic conditions since pre-
industrial years (Schweiger et al. 2010; IPCC 2014). High proportions of species-level
extinctions are estimated in the future due to such changes (Thomas et al. 2006; Ceballos
et al. 2017). Alternatively, depending on physiological traits and external drivers of
change, species may tolerate novel climatic conditions through adaptations, shift their
distribution to track tolerated climatic conditions (Chen et al. 2011), or exhibit

phenological shifts (Polgar et al. 2013; Kharouba et al. 2014).

Certain pollinator groups are shifting latitudinally or along elevation gradients as
a response to the gradually changing climate (Parmesan et al. 1999; Chen et al. 2011).
Range-shifts allow species to remain in climatically suitable areas, reducing exposure to
conditions that they cannot tolerate (Parmesan et al. 1999; Chen et al. 2011). Some
species appear unable to track environmentally suitable habitats due to low dispersal
abilities (Davis & Shaw 2001; Hulme 2005), increasing risks of local extinction under
climate change (Loarie et al. 2009; Leroux et al. 2013). Pollinators affected by this
phenomenon include butterfly (Bedford et al. 2012; Devictor et al. 2012) and bumblebee

species across Europe and North America.

Numerous bumblebee species failed to track climate change at the leading
latitudinal limit on a continental scale, which may reflect their inability to colonize new

areas in response to global warming (Kerr et al. 2015). Local extinctions at the southern



range limit may be linked to increased probabilities of extreme temperature events.
Bumblebees are sensitive to these extremes (Ploquin et al. 2013; Herrera et al. 2014),
particularly events of heat waves and drought, which can cause local extinctions and
modify bumblebee communities (Rasmont & Iserbyt 2012). They may already be

exposed to conditions outside their climatic niche (Rasmont et al. 2015).

Bumblebees are vulnerable to several threats that can interact, aggravating the
ongoing reductions in range and abundance (IPBES 2016). These include anthropogenic
factors like habitat loss and fragmentation (Goulson et al. 2008; Williams & Osborne
2009; Hatten et al. 2013), pesticides (e.g. Goulson et al., 2015), parasites and pathogen
spillover (Cameron et al. 2011; Meeus et al. 2011; Fiirst et al. 2014), and climate change

(Potts et al. 2010; Rasmont & Iserbyt 2012; Ploquin et al. 2013; Herrera et al. 2014).

Main managed responses discussed in the literature to accelerate bumblebees’
poleward shifts under climate change include landscape management (Hatfield et al.
2012; Goulson et al. 2015) and managed relocation (Kerr et al. 2015; Rasmont et al.
2015). Traditional conservation focused on the former, preventing habitat destruction
and/or restoring habitats to maximize population sizes (Hatfield et al. 2012). Considering
bumblebees’ general inability to expand their geographical ranges poleward and into cool
areas that have warmed, landscape management efforts are likely insufficient (Thomas et

al. 2004; Parmesan 2006; McLachlan et al. 2007).

Species geographical range limits can be distinct from the limits of their
tolerances to environmental conditions and consequent capacity to persist in particular
localities (Hutchinson 1957). The ability to predict range limits, and how these relate to

niche limits across continuous environments over time, is basic to understand species-



specific range shifts in response to climate change (Lee-Yaw et al. 2016; Searcy &
Shaffer 2016). Niche limits often constrain range limits, which causes fitness and
suitability to decline beyond range limits (Hargreaves et al. 2014; Lee-Yaw et al. 2016).
When limits do not coincide, dispersal is key for range-shifts to occur, and is an
important factor in determining the position of range vs. niche limits (Hargreaves et al.

2014).

Range limit changes do not necessarily reflect changes in niche limits; low
dispersal under climate change can create mismatches between species’ range limits and
climatically suitable areas (Holt et al. 2005; Hargreaves & Eckert 2014; Hargreaves et al.
2014). Broad-scale environmental changes generate a directional change to either expand
or contract species’ distributions over time (Hargreaves et al. 2014). At the leading range
edge, dispersal can limit range expansion (Svenning et al. 2008), while at the trailing
edge, it is the rate of mortality that governs changes from source to sink populations
(Jump et al. 2009). If the trailing edge retracts while the leading edge is stable, the ratio
of extinction to colonization increases, causing the overall realised range to shrink
(Parmesan et al. 1999). Net extinction rates decrease if range limits track niche limits
where the climate is increasingly suitable (Thomas 2011). Many species’ survival
therefore depends on their capacity to track climate change (Menéndez et al. 2006;

Hoegh-Guldberg et al. 2008; Devictor et al. 2012).

High dispersal capacity is linked to the ability to track suitable conditions
(Devictor et al. 2012). Bumblebees’ dispersal ability corresponds to the distance that
mated queens can travel to establish a new colony (Goulson 2010). Different bumblebee

species have distinct dispersal abilities (Darvill 2007) but species-specific dispersal



abilities remain ambiguous or unknown. Dispersal was estimated to peak at 1 km
(Bowers 1985), but long distance dispersal events, of unknown frequency and scale, are
possible (Goulson 2010). Recent estimates suggest dispersal abilities of 3 km for B.
pascuorum queens, 5 km for B. lapidarius (Lepais et al. 2010), and 4 km for B.
moderatus (Owen et al. 2012). The invasive species Bombus terrestris dispersed 10 km
per year after being introduced in parts of Tasmania (Stout & Goulson 2000). B.
impatiens also expanded its range in eastern Canada but the dispersal rate is unknown
(Sheffield et al. 2003). Natural expansions since the last ice age, the decline of other
species previously occupying the niche and introductions outside the natural range may
contribute to bumblebees’ observed range expansions (Ratti & Colla 2010; Owen et al.

2012).

Pollinator decline, including numerous bumblebee species, is expected to impair
crop production, compromising ecosystem stability and human welfare (IPBES 2016).
Bumblebees are important pollinators of native plant species, particularly in temperate
and high-elevation regions, and are associated with vegetation abundance and diversity
(Michener 2000; Klein et al. 2007). Furthermore, bumblebees play a crucial role in the
pollination of multibillion-dollar crops (Potts et al. 2010; Cameron et al. 2011) due to
their tolerance of a wide range of environmental conditions relative to other bees, and

their buzz pollination abilities (Tuell & Isaacs 2010).

Considering the importance of bumblebees’ ecological services, it is of paramount
importance to explore bumblebee species’ responses to the rapidly changing climate
(Potts et al. 2010; Cameron et al. 2011). Therefore, I asked: how are bumblebee species’

climatically suitable range projected to change under different future climate scenarios



and dispersal abilities? Additionally, are there potential hotspots for the conservation of
North American bumblebee species under different climate change scenarios? I generated
a series of species distribution models (SDMs) using a massive dataset of georeferenced
bumblebee observations (Kerr et al. 2015) and general circulation models (Hijmans et al.
2005). Distribution models can provide insight into species’ performance in new areas
based on the projected movement of their climatic niche limits (Lee-Yaw et al. 2016).
Species richness maps were produced for different climate change scenarios and dispersal
outcomes. Study results support previous findings regarding potentially drastic range
losses at the trailing edge of several species as well as their inability to expand under
climate change. Results highlight the need for prioritizing discussions on managed
relocation, and establishing landscape management in areas where range losses are most

likely, to halt potentially drastic range contractions.

Design and Methodology
Study Area and Bumblebee Data

The study area is the North American continent (~24 230 000 km?). Primary
bumblebee data included 324,502 observations (See Appendix A for list of data
contributors). Georeferenced observations of years 1960 to 1990 inclusively were
extracted. Records with incomplete information for species identification, locality or
year, or inaccurate georeferenced points, and duplicate records, were removed. Points
less than 2500m from shoreline were moved to the closest point on the coast.
Georeferencing data from GeoNames (http://geonames.org; Creative Commons

Attribution 3.0 License) were used for GBIF points lacking geographical coordinates. A



total of 19,753 records for 31 bumblebee species were extracted (Figure 1). Clusters of
observations can cause the model to be overtit, which leads to predicted ranges
conforming too narrowly to areas where the species has been observed, an effect that can
deceptively increase model performance statistics (Veloz 2009; Hijmans 2012; Boria et
al. 2014). To address this issue, presence points were spatially rarefied based on climate
heterogeneity to decrease the possibility for sampling bias and autocorrelation (Brown
2014). Two heterogeneity classes with minimum distance set to 10 km, and maximum to
15 km were used (classification type set to “Natural breaks™) (Penado et al. 2016). The
rarefied dataset holds 10,628 records for 31 North American bumblebee species (See

Appendix B for the list of species), sampled from 1960 to 1990, inclusively.
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Figure 1: Dataset of georeferenced records for 31 bumblebee species sampled in North
America between 1960 and 1990, represented by (a) observation points and (b) a heatmap
of relative sampling densities.



Climate Data

Current climate data at 5 arc-minutes resolution were downloaded at
http://www.worldclim.org (Hijmans et al. 2005). 19 bioclimatic variables were
considered for this analysis. These data originate mainly from Environment Canada and
NOAA'’s National Climatic Data Center (NCDC). All climate data were generated using
ANUSPLIN modeling software except for temperature and precipitation seasonality,
which correspond to the standard deviation of monthly values, expressed as a percentage

of the mean for those estimates (Hijmans et al. 2005).

Four bioclimatic variables were selected for distribution modeling of bumblebees:
annual mean temperature (Bioclim1), temperature seasonality (Bioclim4), annual
precipitation (Bioclim12), and precipitation seasonality (Bioclim15). These
environmental characteristics are ecologically significant for bumblebees (Rasmont et al.
2015) that measure different aspects of climate that minimizes multicollinearity, a
recommended approach for variable selection (Merow et al. 2013). These variables have
been applied to SDMs of bumblebee species in the past (Casey et al. 2015; Rasmont et al.
2015; Penado et al. 2016). Annual mean temperature and annual precipitation are among
the most representative of climate data since they are not derived from other variables

(Brown 2014).

General Circulation Models (GCMs) at 5 arc-minutes resolution were used as
future climate data (Hijmans et al. 2005). GCMs predict climatic conditions based on
underlying physical processes and changing atmospheric CO; concentrations. Four
GCMs by major institutes recognized by the IPCC report were used, for future years

2050 (average of 2041 to 2060) and 2070 (average of 2061 to 2080). Selected GCMs are



the GISS-E2-R model from the NASA Goddard Institute for Space Sciences, the
HadGEM2-AO model from the Meteorological Office Hadley Centre, the MIROCS
model from the University of Tokyo Center for Climate System Research, and the

CCSM4 model from the National Center for Atmospheric Research.

The four Representative Concentration Pathways (RCPs), developed in the [IPCC
Fifth Assessment Report (IPCC 2014) were used as future potential climate change
outcomes (IPCC 2014). RCPs represent different trajectories of atmospheric greenhouse
gas (GHG) concentration. Economic activity, climate policy, technological developments
and sociological factors like population size and lifestyle are elements that affect each
scenario. GHG concentration peaks between 2010 and 2020 for RCP2.6, in 2040 for
RCP4.5, in 2080 for RCP6.0, or rise continuously to 2100 for RCP8.5. According to the
most recent IPCC report (2014), temperature rise for most optimistic scenario (RCP2.6)
is likely to be between 0.3 — 1.7°C by 2100, compared to pre-industrial temperatures
(1850 — 1900). This scenario includes the adoption of stringent climate policy and
mitigation measures. RCP4.5 projects a rise of 1.1 — 2.6°C (likely below 2.0°C), also
achieved through the adoption of new climate policies. A rise of 1.4 — 3.1°C for RCP6.0
or of 2.6 — 4.8°C for the most pessimistic scenario (RCP8.5) are projected if no climate
mitigation measures are adopted (IPCC 2014). Across all scenarios, it is very likely that
hot temperature extremes will be longer lasting and more frequent, while cold extremes
will be less prevalent throughout most terrestrial habitats. Precipitation patterns are
projected to change drastically across all scenarios. For RCP8.5, temperatures are likely
to increase toward high latitudes, the equatorial pacific, and mid-latitude wet regions, and

decrease under mid-latitude and subtropical dry regions (IPCC 2014). The most recent



climate scenarios as published in [PCC (2014) were used for the first time to explain

large-scale distribution of bees.

Modeling Current and Future Suitable Ranges

Current and future species-specific distributions were projected using four
climatic variables (annual mean temperature, temperature seasonality, annual
precipitation, and precipitation seasonality) in maxent models. Maxent was downloaded
at http://www.cs.princeton.edu/~schapire/maxent (Phillips et al. 2006). Maxent compares
conditions at presence and background points — localities where the modeled species has
not been sampled — and estimates the best probability distribution using the concept of
maximum entropy (Phillips et al. 2006). It is an appropriate approach for niche modeling
with presence-only data (Héllfors et al. 2016; Searcy & Shaffer 2016) and has been used
to model bumblebee distribution in previous work (Kadoya et al. 2009; Koch & Strange
2009; Cameron et al. 2011; Herrera et al. 2014; Pradervand et al. 2014; Casey et al. 2015;

Penado et al. 2016).

A conservative approach was applied throughout the modeling process, due to
uncertainty in future climate change and data limitations. Species-specific bias files
(minimum convex polygons) were used to decrease the probability of including suitable
but uncolonised localities in the model which can lead to commission errors (Anderson &
Raza 2010; Barbet-Massin et al. 2012). Models were replicated using 10-fold cross-
validation to assess model fit and uncertainties in spatial predictions (Merow et al. 2013).
Limitations of this validation method include the potential spatial correlation between
folds, which can overestimate model performance and underestimate the standard error of

predictions (Anderson & Raza 2010). The default regularization multiplier was used,
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such as most published maxent models on bumblebee species (Kadoya et al. 2009; Koch
& Strange 2009; Casey et al. 2015). This value accommodates a group of species within a
wide range of environmental conditions (Elith et al. 2006). Clamping was used, setting
values outside the training data within projections to the maximum training range. This is
useful for conservatively projecting into the future since bumblebees’ survival in future
novel climatic conditions is unknown. The logistic output format was chosen to obtain a

relative probability of occurrence and compare models for several species.

Dispersal was integrated into models. Since information about dispersal abilities
of bumblebee queens in the spring is sparse, three different dispersal rates were
investigated. Low dispersal was assumed to be negligible, where only retractions from
currently suitable ranges are possible, as inferred for the majority of surveyed species at
their northern range limit (Kerr et al. 2015). High dispersal was set to 10 km per year,
which corresponds to the largest recorded dispersal rate to the best of my knowledge
(Stout & Goulson 2000; Goulson 2010). Unlimited dispersal maps were also produced to
reveal changes in the position of species’ climatic niche, regardless of dispersal ability

(Rasmont et al. 2015).

Mapping Suitable Range Changes

Species-specific maps containing logistic probabilities of occurrence were
averaged across GCMs, for each RCP scenario. Binary presence-absence maps were
created using the probability of occurrence threshold that maximized the True Skill
Statistic (TSS). Maps were summed across all species for four RCPs, three dispersal
scenarios, and two time periods to generate a total of 24 species richness maps. Changes

in species’ suitable range across North America were plotted using R statistical software.
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Differences between current suitable range and future scenarios revealed areas that may
gain or lose multiple species, further examined using land-use data. Richness changes
were assessed within current agricultural areas specifically. Land use data as of year 2016
were downloaded from the History Database of the Global Environment (HYDE) at
http://themasites.pbl.nl/tridion/en/themasites/hyde (Goldewijk et al. 2011). The HYDE
dataset combines satellite data and statistics of world population, cropland and pasture in

5 arc-minutes resolution maps.

Predictive Accuracy

Using multiple measures of model evaluation is recommended, especially with
presence-only data (Hernandez et al. 2006). Common methods include the Area Under
the Receiver Operator Characteristic Curve (AUC) (Hanley & McNeil 1982), and the
True Skill Statistic (TSS) (Allouche et al. 2006). The threshold independent AUC is
calculated by maxent. If AUC < 0.75, model predictions are not meaningful and cannot
be interpreted (Elith et al. 2006). AUC > 0.75 was considered acceptable, 0.8-0.9, good,
and 0.9-1, very good, in terms of how well the model can explain present distribution
(Swets 1988). TSS is threshold dependent, as it is based on binary presence-absence
maps. The threshold that yields the highest TSS was selected to produce binary maps

(Allouche et al. 2006). The formula to calculate TSS is:
(TSS = sensitivity + specificity — 1),

where sensitivity corresponds to the true positive rate and specificity is the true negative
function (Pearson 2008), considering that maxent models the absences. TSS greater or

equal to 0.4 was considered better than random (Landis & Koch 1997). TSS was shown

12



to be a reliable measure of predictive ability (Allouche et al. 2006) since it does not

depend on the size of the validation dataset like other statistics (Lobo et al. 2010).

Results

Evaluating Bumblebee Range Changes

The scale of climatically suitable range changes differed between species, time
periods, and dispersal assumptions (See Appendix C for all species richness maps).
Climate scenarios linked to greater GHG emissions usually generated more severe range
losses than scenarios linked to climate mitigation policies and decreased emissions. The
discrepancy of range changes between different RCPs was more significant in 2070;
mean standard deviation in suitable range changes doubled from 2050 to 2070 under all

three dispersal scenarios.

Comparisons of current and projected suitable range (TSS > 0.4 and AUC > 0.75)
revealed statistically significant (alpha = 0.5) expansions for about half of modeled
species by 2050 when dispersal and colonization capacities were assumed to be unlimited
(Figure 2). Between 0 — 13% of species expanded in suitable range when dispersal was
closer to realistic abilities (10 km per year) by 2050, and 0 — 30% by 2070. In the latter
scenario, as many as seven species expanded only under the one climate scenario
(RCP2.6) (Figure 3). Only Bombus pensylvanicus expands in all RCPs in both 2050 and
2070 under this dispersal assumption. Expansions were not possible under the assumption

of no dispersal (Figure 4).
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Figure 2: Range changes based on maxent models for 30 North American bumblebee
species between baseline (1960-1990) and future projections of years (a) 2050 and (b)

2070, assuming unlimited dispersal ability. Results were ordered by range change (%)
under the RCP6.0 scenario.
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Figure 3: Range changes based on maxent models for 30 North American bumblebee
species between baseline (1960-1990) and future projections of years (a) 2050 and (b)
2070, assuming a high dispersal rate (10 km/year). Results were ordered by range change

(%) under the RCP6.0 scenario.
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Figure 4: Range changes based on maxent models for 30 North American bumblebee
species between baseline (1960-1990) and future projections of years (a) 2050 and (b)
2070, assuming a dispersal rate of 0 km/year. Results were ordered by range change (%)
under the RCP6.0 scenario.
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Even assuming unlimited dispersal nearly half of bumblebee species were
projected to face significant range losses by 2050 (Figure 2). Assuming high dispersal
abilities, this proportion increased drastically to 87 — 97% of modeled species by 2050,
and to 70 — 97% by 2070, depending on the RCP outcome (Figure 3). Under the
assumption of no dispersal, only Bombus pensylvanicus maintained relatively stable
distributions in all RCP scenarios, for both time periods (Figure 4). Up to 56% of current

climatically suitable range was lost by 2050 for Bombus frigidus, rising to 74% by 2070.

Species richness changes in agricultural areas were left-skewed, such that most
areas lost species and few gained species (Figure 5). Areas estimated to lose multiple
species are particularly concentrated within current agricultural areas. The most
optimistic scenario (RCP2.6) is distinct from the other three scenarios (RCP4.5, RCP6.0,
RCP8.5) in which species richness loss was consistently superior. Dispersal assumptions
did not change the general shape of the curve, although slower dispersal resulted in

stronger skewed curves since range-shifts were not compensating for species losses.
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Figure 5: Histograms of species richness change in agricultural areas of North America

based on three dispersal assumptions; (a) unlimited dispersal, (b) high dispersal and (c)

no dispersal for all 30 modeled bumblebee species. The Y axis represents the percentage
of all North American agricultural areas based on the HYDE (2016) land use dataset. The

X axis corresponds to species richness changes (unit: number of species).
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Regions where multiple bumblebee species’ climatic niche was projected to
expand in 2070 were concentrated. Hotspots across all RCP scenarios were mapped and
overlapped to identify areas suitable for new species in the future regardless of climate
trajectory (Figure 6a). By 2070, these ranged from 11 419 km? (9 species) to 2 447 283
km? (3 species). Less than 25% of these areas are currently developed or disturbed for
agricultural purposes, according to the HYDE land use dataset. Areas where species
losses overlap were also concentrated in certain regions (Figure 6b). By 2070, these
ranged from 75 km? (11 species) to 2 173 231 km?* (3 species). These areas are

characterized by high intensity land uses in the form of crop and grazing lands.
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Figure 6: Overlays across future projections of all species and RCP scenarios likely to (a)
gain suitable range for multiple species by 2070, and (b) lose multiple species by 2070.
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Predictive Accuracy

Predictive accuracy of maxent models was generally high (Figure 7), indicating
useful models (Elith et al. 2006). Models produced acceptable AUC values (AUC > 0.75)
and TSS values (TSS > 0.4) for all species except Bombus centralis, which was
consequently removed from the analysis. Mean AUC for all species was 0.85, and mean
TSS, 0.62. For all modeled species, TSS was maximized when using the “maximum of
sensitivity plus specificity logistic threshold” to produce binary maps. This threshold

corresponds to the point that has a tangent with a slope of 1 on the ROC curve (Cantor et

al. 1999).
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Figure 7: Predictive accuracy of maxent models using the Area Under the
Receiver Operator Characteristic Curve (AUC) (Hanley & McNeil 1982), and the True
Skill Statistic (TSS) (Allouche et al. 2006). AUC > 0.75 and TSS > 0.4 indicate
meaningful models that can be used for analysis.
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Discussion

Modeling Future Suitable Ranges

All future climate scenarios led to aggravated declines and richness changes in
currently suitable range of surveyed bumblebee species across much of North America.
Projections constrained by high dispersal abilities suggest that most modeled species’
actual dispersal rates are insufficient to track their climatic niche by 2050, indicating
potentially massive future range losses. Results agree with expectations based on
observed widespread range contractions (Cameron et al. 2011; Kerr et al. 2015). Range
changes differed strongly depending on the severity of the RCP scenarios in 2070,
relative to 2050 projections. For the first time, North American bumblebees’ future
climatic niche projections led to the investigation of new broad-scale conservation

strategies.

Future climatic niche projections showed poleward range shifts would be
possible, indicating potential new habitable areas for most species. However, species’
traits determine their ability to reach these areas in the absence of environmental or
anthropogenic barriers (Chen et al. 2011; Leroux et al. 2013). Despite assuming the
unlimited ability to disperse and colonize new areas, some species’ climatic niche still
contracted. While B. flavifrons, B. mixtus, B. vandykei, B. melanopygus and B.
nevadensis are currently relatively common throughout their range (Williams et al. 2014),
projections revealed they were among the most climatic-limited species by future
climates. This indicates that some common bumblebee species are more vulnerable to
climate change than other rare or endangered species. Similarly, thousands of vertebrate

and mammal species that are not currently at risk of global extinction could face high
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population extinction rates in the future (Ceballos et al. 2017), a prospect that models

suggest could extend to bumblebee species (Rasmont et al. 2015).

Regions likely to become climatically suitable to multiple species in future
projections are concentrated at the northern part of current distributions. Identifying
hotspot overlaps across climate scenarios minimized impacts of future climate
uncertainty on their position. Hotspots are mostly in Ontario, Quebec, northern parts of
Michigan, and scattered in adjacent US states and Canadian provinces. Less prevalent in
western parts of the continent, they were found in limited parts of British Columbia.
Ecoregion types associated with hotspots are mainly mixed wood plains, mixed wood
shield and softwood shield (WWF 2016). These areas are not typically dominated by
developed or agricultural land (Sleeter et al. 2014), corresponding to results of land use
analyses. Uniform topography in eastern regions generates weak climate gradients,
therefore large latitudinal changes are necessary to reach variations in climatic conditions
(Leadley et al. 2010; Leroux et al. 2013). Comparatively, smaller distances need to be

traveled to track similar climatic changes within mountainous areas (Chen et al. 2011).

Dispersal-constrained models show that projected shifts were insufficient for the
majority of species to track their climatic niche by 2050, which suggests that climate
change could be a greater threat than previously thought. B. affinis, currently listed as
endangered under Schedule 1 of the Species At Risk Act, was projected to face the most
drastic range loss. Range losses for this species were extremely high despite a
conservative approach, including the selection of a dispersal rate which likely exceeds all
30 species’ actual capacities to colonize new areas (Goulson 2010). The goal of this

approach was to constrain model behavior because of the uncertainties associated with
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predictions of biotic responses decades in the future. Together with study results, this
suggests that realistic dispersal abilities hinder the possibility for bumblebees to track
future climate change. Species with high dispersal and colonization capacities can still
accumulate substantial climate debt over time (Bedford et al. 2012; Devictor et al. 2012).
High dispersal was only sufficient for B. pensylvanicus to expand its range under all
climate change scenarios. While this species has declined in northern parts of its range
(Williams et al. 2014), its broad climatic tolerances together with model results suggest

that climate change is unlikely to be this species’ main threat in the future.

Projections revealed that places likely to become climatically unsuitable for
multiple species were large and concentrated at the edge of current distributions.
Bumblebees are particularly vulnerable to local extinctions in these places (Carvalheiro et
al. 2013). Areas projected to be unsuitable in the future are more severe and concentrated
in eastern parts of the continent. Losses primarily occur in Tennessee, Kentucky,
Virginia, Maryland, Delaware, as well as small parts of surrounding states and southern
Canada. These areas are essentially dominated by ecoregion types Ozark, Ouachita-
Appalachian Forests, southestern USA plains, central USA plains, and mixed wood
plains (WWF 2016). These ecoregions are generally dominated by agricultural lands,
developed land, or by mosaics of forest, pasture, cropland, developed land, and/or
wetlands (Sleeter et al. 2014). These spatial patterns were expected since climate velocity
is greater in eastern parts of North America (Loarie et al. 2009). Unsuitable conditions
require large and rapid latitudinal shifts for species to track suitable areas and expand

their range (Leadley et al. 2010; Leroux et al. 2013).
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Future projections within agricultural areas of North America revealed
widespread species richness decline. Substantial changes in pollination networks are
expected in these areas (IPBES 2016) including significant pollination service declines
(e.g. Schweiger et al. 2012). Negative impacts on food yields (Young et al. 2016) and on
human welfare may occur (Garibaldi et al. 2011). Similarly, wild bee species’ suitable
habitat in Brazil was estimated to decline under both pessimistic and optimistic climate
change scenarios (Giannini et al. 2012). Landscape connectivity, dispersal, and effects on
plants could drastically alter future expected impacts (IPBES 2016). Impacts of pollinator

decline on crops needs further investigation (Garibaldi et al. 2011).

Mitigation Measures

Models that predict biotic responses to climate change are valuable for improving
management of landscapes through which species must move to expand their
geographical ranges successfully (Littlefield et al. 2017). While relatively few such
efforts have yet been made for bees, these models show promise in terms of improving
understanding of bumblebee species’ responses to environmental change (Herrera et al.
2014). Even when assuming high dispersal rates, range shifts are likely to lag behind
climate change. Findings support the need for effective mitigation strategies that aim to
increase the likelihood of 1) successful colonizations at novel climatically suitable areas
and of 1) survival in areas predicted to become unsuitable in the absence of intervention

(Hoegh-Guldberg et al. 2008; Rasmont et al. 2015).

To the extent that changing climatic conditions increase the likelihood that
species could establish and maintain novel populations in some areas, new opportunities

for conservation arise (Wiens et al. 2011). Managed relocation (MR) could potentially
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assist bumblebees in colonizing climatically suitable areas that are outside their current
range (Richardson et al. 2009). MR is intended to facilitate the dispersal of species with
insufficient intrinsic dispersal capacity into novel areas to which they would disperse
given enough time. MR involves the introduction of organisms to target sites to increase
their probability of survival while reducing the prospects of species extinctions and the
erosion of ecological services (e.g., Hoegh-Guldberg et al., 2008; Kreyling et al., 2011;
Richardson et al., 2009; Thomas, 2011). Bumblebees’ high risk of decline under climate
change, the simplicity of translocation, and potentially low costs of relocating single
fertilized queens in the spring, support the choice of MR among other conservation
strategies (Hoegh-Guldberg et al. 2008). However, MR is controversial (Thomas 2011;

Vila & Hulme 2011; Webber et al. 2011; Muller & Eriksson 2013).

Concerns regarding MR primarily stem from past ecological and socioeconomic
consequences that followed disastrous introduction of invasive species (Hoegh-Guldberg
et al. 2008). While many species’ introductions have proven benign, others have caused
severe damage through competition, predation, or pathogen spread among native species
(Hunter 2007; Harris et al. 2013). Such severe impacts have been widely observed
following introduction of species to islands, different continents, or across
biogeographical boundaries (Hoegh-Guldberg et al. 2008). Intra-continental invasions are
relatively rare in the US, with inter-continental invasions being significantly more
prevalent and harmful (Mueller & Hellmann 2008). MR refers to the movement of
organisms to locations adjacent to currently occupied areas and precludes introductions
of species across biogeographical boundaries (Hoegh-Guldberg et al. 2008; Harris et al.

2013). Risks of harm to species already present in the target area highlight uncertainties
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regarding risks to biodiversity and ecosystem integrity (Ricciardi & Simberloff 2009).
However, there are significant uncertainties and potentially irreversible impacts from
climate-driven extinctions if no successful conservation actions are undertaken (Sax et al.
2009; Colla 2016). Research shows that probabilities of preventing extinctions through
MR exceed likely risks that it causes (Muller & Eriksson 2013), but these effects need to
be evaluated on a case-by-case basis. Carefully planned selection of site and candidate
species are critical to keep MR at low-risk (Hunter 2007; Thomas 2011). Candidate
localities for relocating organisms must first be constrained to those expected to be
suitable under future climatic conditions, as shown in a successful six year MR trial of

two UK butterfly species (Willis et al. 2009).

Management in areas where species losses are likely to be most concentrated in
the absence of intervention, could effectively slow future range contractions (Hatfield et
al. 2012). These areas are mainly used for agricultural activities, which should be taken
into consideration to develop effective management planning. Reducing other threats and
providing micro-refugia where species are limited by climate should be a priority in these
areas (Rasmont et al. 2015). Access to microclimatic heterogeneity could improve
probabilities of survival at the edge of species’ distributions (Lawson et al. 2014) where
they are most vulnerable to other threats (e.g. Williams et al. 2007). The trailing edge is
important to species’ survival and evolution under climate change as it plays a role in
maintaining genetic diversity (Hampe & Petit 2005). Providing a variety of pollen and
nectar sources especially from native plants, limiting or discontinuing pesticide use,
recreating grassland and wooded areas and/or providing nesting boxes in highly modified

landscapes (like urban or agricultural area), limiting or timing habitat disturbances
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(mowing, tilling, burning) to mitigate impacts on nesting and foraging, and monitoring,
are activities shown to decrease anthropogenic pressures on bumblebees (See full review:

Colla et al. 2016).

Limitations

SDMs make a number of simplifying assumptions (e.g. Aratujo & Guisan, 2006;
Pearson & Dawson, 2003). Models assume that selected environmental conditions are the
main contributors to the position of species’ ranges, but other biotic and abiotic
interactions have an effect on their distributions (e.g. Hanspach et al., 2014). SDMs can
also underestimate species’ niches because they assume that all suitable habitat is
colonised, even though biotic or anthropogenic barriers prevent equilibrium with
environmental conditions (Pearson & Dawson 2003). Impacts of these assumptions are
alleviated at the continental scale because climate is a main contributing factor to species
distributions at this scale (Schweiger et al. 2012). Further, factors like pesticides and land
use change do not interfere with bumblebees’ inability to range-shift and overall range
contractions on a broad scale (Kerr et al. 2015). SDMs can produce useful results as they
avoid overly complex factors like species interactions or other specific context dependant

factors (Rasmont et al. 2015).

Conclusion

Models developed here estimate substantial range losses for North American
bumblebees in the future even when predictions assume exceptionally rapid dispersal
rates similar to those observed for invasive Bombus terrestris after its introduction to new

environments. Results suggest that bumblebee species’ dispersal capacities are unlikely
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to be sufficient to permit net range expansions, with the single species exception of
Bombus pensylvanicus. Carefully planned managed relocation could benefit some
species. Conservation actions in areas where many species could benefit from intensive
habitat management and short-distance managed relocation for the most vulnerable
species should not be delayed indefinitely in pursuit of scientific certainty (United
Nations Conference on Environment and Development 1992).

Irreversible damage caused by local extinctions is a growing likelihood given
recently observed rates of range loss among bumblebees, as well as models suggesting
these losses are likely to continue or accelerate (Rasmont et al. 2015). Bumblebee species
are particularly valuable in provision of pollination services (IPBES 2016), so global
change-induced erosion of those services could have economic, as well as ecological,
significance (Gallai et al. 2009). Discussions on whether, where, and for which species
managed relocation should be considered are needed, as are expanded efforts to manage
habitats to retain species in areas where climatic conditions are likely to become less

suitable in the near future.
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APPENDIX A

List of data contributors: Bee Biology and Systematics Lab, USDA-ARS, Utah State
University; John Ascher, National University of Singapore and American Museum of
Natural History, New York, USA; Doug Yanega, University of California, Riverside
(NSF-DBI #0956388 and #0956340), California, USA; Illinois Natural History Survey,
Illinois, USA; Packer Lab Research Collection, York University, Canada; Canadian
National Collection, Agriculture and Agri-Food Canada; Canada; Peabody Museum,
Yale University; Sam Droege, USGS Patuxent Wildlife Research Center, USA; Boulder
Museum of Natural History, University of Colorado, Colorado, USA.

APPENDIX B

The following list enumerates bumblebee species sampled across North America between
1901 and 2010, of sufficient reliability and sampling effort for data analysis. The asterix
(*) identifies species of negative or unchanging northern latitudinal limits by 1999-2010,
relative to the baseline (1901-1974) according to Kerr et al. (2015).

Bombus affinis* Bombus pensylvanicus*
Bombus appositus * Bombus perplexus
Bombus auricomus* Bombus rufocinctus
Bombus bifarius* Bombus sylvicola*
Bombus bimaculatus* Bombus ternarius
Bombus bohemicus* Bombus terricola*
Bombus borealis Bombus vagans
Bombus centralis* Bombus vandykei
Bombus citrinus* Bombus vosnesenskii
Bombus fervidus*

Bombus flavifrons *

Bombus fraternus

Bombus frigidus*

Bombus griseocollis*
Bombus huntii*
Bombus impatiens*
Bombus insularis
Bombus melanopygus*
Bombus mixtus*
Bombus morrisoni*
Bombus nevadensis
Bombus occidentalis
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APPENDIX C
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Figure A1: Species richness maps of North America for 30 bumblebee species under the
RCP scenarios (a) RCP2.6, (b) RCP4.5, (c) RCP6.0, and (d) RCP8.5 in year 2050,
assuming unlimited dispersal ability.
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Figure A2: Species richness maps of North America for 30 bumblebee species under the
RCP scenarios (a) RCP2.6, (b) RCP4.5, (c) RCP6.0, and (d) RCP8.5 in year 2070,
assuming unlimited dispersal ability.
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Figure A3: Species richness maps of North America for 30 bumblebee species under the
RCP scenarios (a) RCP2.6, (b) RCP4.5, (c) RCP6.0, and (d) RCP8.5 in year 2050,
assuming a high dispersal rate (10 km/year).
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Figure A4: Species richness maps of North America for 30 bumblebee species under the
RCP scenarios (a) RCP2.6, (b) RCP4.5, (c) RCP6.0, and (d) RCP8.5 in year 2070,
assuming a high dispersal rate (10 km/year).
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Figure AS: Species richness maps of North America for 30 bumblebee species under the
RCP scenarios (a) RCP2.6, (b) RCP4.5, (c) RCP6.0, and (d) RCP8.5 in year 2050,
assuming a dispersal rate of 0 km/year.
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Figure A6: Species richness maps of North America for 30 bumblebee species under the
RCP scenarios (a) RCP2.6, (b) RCP4.5, (c) RCP6.0, and (d) RCP8.5 in year 2070,
assuming a dispersal rate of 0 km/year.
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