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Abstract

Biogeographic clines in morphology along environmental gradients can illuminate forces influencing trait evo-
lution within and between species. Latitude has long been studied as a driver of morphological clines, with
a focus on body size and temperature. However, counteracting environmental pressures may impose con-
straints on body size. In montane landscapes, declines in air density with elevation can negatively impact flight
performance in volant species, which may contribute to selection for reduced body mass despite declining
temperatures. We examine morphology in two bumble bee (Hymenoptera: Apidae: Bombus Latreille) species,
Bombus vancouverensis Cresson and Bombus vosnesenskii Radoszkowski, across mountainous regions of
California, Oregon, and Washington, United States. We incorporate population genomic data to investigate
the relationship between genomic ancestry and morphological divergence. We find that B. vancouverensis,
which tends to be more specialized for high elevations, exhibits stronger spatial-environmental variation,
being smaller in the southern and higher elevation parts of its range and having reduced wing loading (mass
relative to wing area) at high elevations. Bombus vosnesenskii, which is more of an elevational generalist, has
substantial trait variation, but spatial-environmental correlations are weak. Population structure is stronger in
the smaller B. vancouverensis, and we find a significant association between elevation and wing loading after
accounting for genetic structure, suggesting the possibility of local adaptation for this flight performance trait.
Our findings suggest that some conflicting results for body size trends may stem from distinct environmental
pressures that impact different aspects of bumble bee ecology, and that different species show different mor-
phological clines in the same region.
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Body size is a fundamental trait that drives multiple aspects of or-
ganismal physiology, ecology, and evolution, and there has long
been interest in the spatial and environmental factors that drive size
variation within and between species (Bergmann 1847, Mayr 1956,
Chown and Gaston 2010). Gradients in temperature have been im-
plicated most often in body size variation owing to heat conser-
vation benefits, producing the hallmark trend of increasing body

size with latitude (i.e., Bergmann’s rule) (Ashton 2002). Originally
intended to describe body size patterns among species of endo-
thermic animals (Ashton 2002), Bergmann’s rule has been expanded
to studies of adaptation within species (Mayr 1956, James 1970,
Ashton et al. 2000, Ashton 2002) and to organisms like insects
and other ectotherms (Ashton and Feldman 2003). The generality
of these trends and their sensitivity to confounding environmental
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factors remains debated, however (Ashton 2001, Dillon et al. 2006,
Chown and Gaston 2010, Shelomi 2012). Taxonomic group and
life history strategy (e.g., endothermy vs ectothermy) can influence
responses to temperature gradients, and for some groups, especially
insects, inverse or absent Bergmann clines are typical (Blanckenhorn
and Demont 2004, Shelomi 2012, Gérard et al. 2018). Even when
Bergmann clines are identified, thermoregulation and heat conser-
vation are not always the best explanations (Ashton et al. 2000,
Angilletta et al. 2004, Blanckenhorn and Demont 2004), and
spurious Bergmann’s clines produced by alternative abiotic factors
are possible.

One possible explanation for conflicting data on Bergmann’s rule
is that morphological clines might be obfuscated when species in-
habit environmentally and spatially heterogeneous landscapes. For
example, organisms that occur across montane habitats may face
competing selective pressures that have shaped morphological vari-
ation (Dillon et al. 2006). Declines in temperature with elevation
(~6°/km) may parallel temperature declines with latitude and could
conceivably produce parallel body size clines (Horne et al. 2018).
However, other abiotic factors like air density and oxygen decrease
with elevation and may impose unique trade-offs for thermoregu-
lation and locomotion in flying species that range across both lati-
tude and altitude (Altshuler et al. 2004, Dillon and Frazier 2006,
Dillon et al. 2006). Whereas cold temperatures at high elevations
might select for larger body sizes due to heat conservation, reduced
air density at high elevations challenges flight, potentially selecting
for reduced body size and, in particular, reduced wing loading (the
ratio of body mass to wing area). By having larger wings relative to
body size (i.e., reduced wing loading), flying animals decrease in-
duced power requirements, thereby minimizing the energetic costs
of flight (Dudley 2000), particularly when challenged by reduced air
density (Altshuler et al. 2004). Smaller insects tend to have lower
wing loading, driven by hypometric scaling of wing area with body
mass, and might thus have an advantage at high elevations (Dillon
and Dudley 2004; Dillon et al. 2006, Dillon and Frazier 2006).
Reduced oxygen availability at high altitudes could also contribute
to selection for smaller size. The gradient between atmospheric and
internal oxygen partial pressure (PO,) is the driving force for oxygen
delivery; reduced atmospheric PO,, therefore, challenges oxygen de-
livery, particularly in larger insects (Harrison et al. 2010, 2018b;
Vogt and Dillon 2013; Nijhout and Callier 2015). Thin air at alti-
tude may, therefore, select for smaller size or for disproportionate
increases in wing size for heavier organisms. Comparison of mul-
tiple traits that relate to both thermoregulation (e.g., body mass) and
flight (e.g., wing loading and oxygen delivery) across multiple spa-
tial dimensions may thus be needed to reveal how body size evolves
across complex landscapes for volant species (Pitchers et al. 2013,
Klepsatel et al. 2014).

Although numerous studies have quantified intraspecific morph-
ology across latitude and elevation gradients in insects, those
incorporating population genetic data on gene flow and population
structure are more limited (but see, for example, Arnett and Gotelli
1999, Keller et al. 2013, Slatyer et al. 2019). Species demography
and population genetic structure could relate to adaptive trait evo-
lution along spatial gradients if better dispersal and greater gene
flow reduces the potential for local adaptation or drift, while some
degree of dispersal restriction could promote morphological diver-
gence with spatial-environmental factors (Kawecki and Ebert 2004,
Slatyer et al. 2019). Linking trait variation across populations with
underlying population genetic structure should provide additional
insights into the possible forces maintaining phenotypic diversity be-
yond morphological measurements alone (Keller et al. 2013).

Bumble bees (Hymenoptera: Apidae: Bombus spp.) provide an
interesting group for investigating body size clines. These eusocial
insects (Goulson 2010) possess numerous traits that make them es-
pecially well suited to life at lower temperatures (Heinrich 2004),
including large body size, dense pile, and a capacity to generate heat
by shivering thoracic muscles at low ambient temperatures (Heinrich
and Kammer 1973; Heinrich 1975, 1976, 1977; Peat et al. 2005).
Bumble bees also possess traits that facilitate flight and might im-
prove their ability to thrive at high elevations, such as variation
in wing loading or ability to alter wingbeat kinematics (Dudley
and Ellington 1990, Dillon et al. 2006, Dillon and Dudley 2014).
Because of their capacity for facultative endothermy, bumble bees
might be expected to exhibit characteristics of body size evolution
comparable to other endothermic animals, and thus may be more
likely to exhibit Bergmann’s clines than other insects. However,
as discussed above, large size may pose challenges to flight. Given
bumble bee dependence on flight for foraging and dispersal, there
may be trade-offs between thermoregulation and flight that could
complicate simple relationships between body size and latitude or
temperature. Although bees in general seem to follow Bergmann’s
rule, studies that have investigated clinal variation in size related
traits in Bombus have produced conflicting results (Dillon et al.
2006, Gérard et al. 2018). Peat et al. (2005) investigated diverse
bumble bee species and found that within species, northern popula-
tions from cool environment were larger than southern populations;
among species, cold-associated species were often larger than species
from warmer areas; however, counter to expectations, tropical spe-
cies from “hot” climates were still larger. Scriven et al. (2016) also
identified patterns of size variation consistent with Bergmann clines
among species. However, Ramirez-Delgado et al. (2016) used com-
parative phylogenetics to show a negative size-latitude relationship
across species, but only considered mean values for each species and
did not take into account intraspecific variation. Thus, while con-
siderable size variation in Bombus is common, the mechanisms that
shape variation within particular taxa remain unclear and may differ
among species.

In this study, we compare patterns of intraspecific trait variation
for two bumble bee species, Bombus vosnesenskii and Bombus
vancouverensis nearcticus (Ghisbain et al. 2020), sampled across
latitude (36.5-48.6° N) and altitude (49-2,293 m) in the Sierra-
Cascade Mountain region of California, Oregon, and Washington,
United States (Fig. 1). Both species can be found from sea level to
several thousand meters in elevation, but B. vancouverensis tends
to be restricted to relatively higher elevations throughout this re-
gion compared to B. vosnesenskii, especially in the southern Sierras.
Consistent with its broader elevational distribution in the region,
B. vosnesenskii is seemingly the more dispersive species, exhibiting
much weaker range-wide population genetic structure and signifi-
cantly larger foraging ranges (Lozier et al. 2011, Jackson et al. 2018,
Mola et al. 2020). We analyze multiple traits, including body mass,
body size, wing area, and foraging loads, alongside population gen-
etic data (restriction site associated DNA sequences, or RADseq) to
create a data set including trait measurements and single nucleotide
polymorphisms (SNPs) for hundreds of bees.

We test several expectations regarding the influence of latitude,
elevation, and annual mean temperature (AMT) on morphological
traits. If Bergmann’s rule applies to bumble bees, body size should
increase with latitude and/or elevation. If heat conservation is the
primary mechanism driving Bergmann clines, body mass should
be negatively correlated with AMT. Deviations from these predic-
tions would suggest alternative mechanisms underlying intraspe-
cific trait variation. One alternative mechanism is that thinner air at
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Fig. 1. Map of sampling localities in California, Oregon, and Washington,
United States. Bombus vancouverensisis indicated by circles, B. vosnesenskii
by triangles, and additional B. vosnesenskii from 2013 used to improve
elevational coverage at middle latitudes for some traits by open triangles.
Grayscale shading reflects a digital elevation model for the region.

high altitudes select for smaller body sizes, which would be evident
through reduced wing loading. Population genetic structure may
also influence clinal variation in morphological traits, as the amount
of gene flow in bee populations is related to body size variation
(Lopez-Uribe et al. 2019). Because B. vancouverensis populations
are restricted to high elevations in parts of the species range and ex-
hibits reduced gene flow (Jackson et al. 2018, 2020), this species may
be particularly likely to exhibit adaptive morphological variation,
especially related to flight.

Materials and Methods

Sampling, Morphological Measurement, and Site
Characterization

Worker bee specimens were obtained for B. vancouverensis (all be-
longing to the black-banded nearcticus lineage) and B. vosnesenskii
workers from California, Oregon, and Washington, United States
(see Jackson et al. 2018, 2020) (Fig. 1). In the field, we measured
the mass of worker bees and their foraging loads carried at time of
collection by first weighing bees (incapacitated by chilling on ice)
as collected (‘field mass’, with pollen balls and full nectar load). We
then determined an ‘empty mass’, where we removed pollen balls
and emptied the honey stomach by pressing the underside of the
abdomen to force complete nectar regurgitation. We did not collect

empty mass data for every bee in the study (only field mass was
measured in 2014). Analyses of field mass therefore include slightly
more samples. Foraging load was estimated by subtracting empty
mass from field mass. For this study, we retained specimens that were
collected during the same time period (2014-2016), and which had
genetic data for at least four specimens per sample site from our
prior study (Jackson et al. 2018, 2020). This resulted in a data set
with 347 bees from 34 localities for B. vancouverensis and 242 bees
from 20 localities for B. vosnesenskii (but see Results for details on
analyses repeated to include additional B. vosnesenskii samples from
2013; Fig. 1). Based on relatedness estimates from a prior genetics
study (Jackson et al. 2018), each bee in this data set comes from a
separate colony.

Wing area was measured from wings clipped at the wing base
and mounted with fore- and hindwing separated to microscope slides
with transparent tape. We mounted both sets of fore- and hindwings
for most bees, but because wing damage is common in older bumble
bees (Foster and Cartar 2011), we selected the most intact ipsilateral
fore- and hindwing for imaging (if both wing sets were damaged,
we excluded the sample). To determine area, slide mounted wings
were scanned on a flatbed scanner (Epson V30 Perfection, 1,200 dpi)
with a 1-mm microscope calibration slide (Zeiss). The calibration
slide was used to determine the scaling factor (pixels/mm) for subse-
quent analyses. Wing images were loaded into Gimp 2.8.22 (www.
gimp.org) and cut out from the background using the Scissor select
tool’s intelligent edge fitting. The digitally cut out wings were made
completely white and pasted onto a black background. These binary
images were then loaded into image] (Schneider et al. 2012) to cal-
culate the area of each wing in mm? using the predetermined scaling
factor. Wing loading (p, ) in units of N/m? was determined from wing
area and field mass (p,,,,,) or empty mass (p, . ) measurements
using the equation p = (m*g)/(2S), where m = field or empty mass
of the bee (in kg) and S = area (in m?) from the one measured set of
wings, g = the gravity constant (9.8 m/s).

We also measured the intertegular span (ITS) of the thorax of
each bee, a commonly used measure of size in bees that correlates
with body mass (Cane 1987, Hagen and Dupont 2013, Kendall
et al. 2019) and is independent of loading state (i.e., whether the
animal has a full crop; Vogt and Dillon 2013). Bees were held in
place such that the dorsal thorax of each specimen could be held in
focus, photographed, and digitally calibrated using a Leica M165c¢
digital stereo microscope (Wetzlar, Germany). In Image], we first de-
termined scaling for each image by measuring the length (in pixels)
of the embedded 5-mm digital calibration scale bar. ITS was deter-
mined by measuring the distance between the outermost edges of the
tegula in pixels and converting back to millimeters using the known
scaling factor.

Coordinates and elevation for each collection site were taken
using a handheld Garmin eTrex 30x GPS unit. We used the R
3.6.2 (R Core Team 2019) package raster v3.0-12 (Hijmans 2020)
to extract AMT for each site (BIO1 from the WorldClim data set)
(Hijmans et al. 2005) (Supp Fig. S1 [online only]). AMT is highly
correlated with most other temperature variables across our study
sites (e.g., correlation with BIO10, the mean temperature of the
warmest quarter, is 7 = 0.98 for this region) and is strongly predictive
of thermal tolerance in bumble bees (Pimsler et al. 2020). We thus
expect this variable to capture the temperature variation relevant
for large-scale Bergmann clines. Latitude, elevation, and AMT were
centered and scaled (default scale function in R) whenever statis-
tical models included multiple predictor effects, although some plots
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show models without scaling (scaling is indicated as needed in tables
and figures).

Statistical Analyses

Pearson correlations among traits were determined with the
cor.test() function in R and visualized with the psych 1.9.12.31
package (Revelle 2019). For most statistical tests, we performed
linear mixed effects regression (Imer) models (Harrison et al.
2018a) with the R package Ime4 1.1-21 (Bates et al. 2015) (Imer
function), with P-values assigned using the Satterthwaite’s df es-
timation method in ImerTest 3.1-1 (Kuznetsova et al. 2017). In
the Results section, presented statistics from Imer models include
the ImerTest ¢ statistic, Satterthwaite’s df, and P-value for the
fixed effect; full model tables are presented in Supp Information
(online only). Tables and figures were prepared with sjPlot 2.8.2
(Liidecke 2020) and ggplot2 3.3.0 (Wickham 2016). Following
previous work on size-mass relationships in bees (Hagen and
Dupont 2013, Kendall et al. 2019) and examination of model re-
siduals, we employed log transformations of metrics involving ITS
and field/empty masses (ITS, masses, and wing loadings) in Imer
models. For comparisons of traits between species, Imer models
used species as a fixed effect and sampling site as a random effect
to account for local site effects. Because of potential collinearity
among variables, when evaluating spatial-environmental pre-
dictors of trait variation, we first analyzed each fixed effect (eleva-
tion, latitude, AMT) in a separate Imer model for each species and
trait, with sampling site as a random effect.

Although there are obvious correlations between environ-
mental factors and their influence on traits (see the univariate
models in Results and Discussion), we were nonetheless interested
in evaluating the combined effects of elevation and AMT on mor-
phological variation in a single model. We a priori expect latitude
body size clines to be driven by temperature under Bergmann’s
rule, and we thus do not consider the spatial variable latitude
in these models; however, latitude and longitude were included
as random effects using spatial mixed effect modeling. We fit
spatial models with the fitme function in the R package spaMM
(Rousset and Ferdy 2014). Fixed effects were specified as above,
but geographic coordinates were used directly as random effects
with a Matérn correlation matrix term and models were fit with a
gamma family distribution and log-link. We tabulated Akaike in-
formation criterion (AIC) for all models derived from the starting
models for each species:

fitme [(mass, P, or ITS) ~ scale (AMT) + scale (elevation)
+scale (AMT) x scale (elevation) + Matern (1]x + )]

The lowest AIC model was retained as the final model and we used
the confint function to generate 95% confidence intervals (CIs) for
each fixed effect estimate.

For foraging load, which had numerous zero measurements
and required transformation to improve normality of residuals,
we performed generalized linear mixed models (GLMMs) in the
package glmmTMB (Brooks et al. 2017) using a zero-inflation
model and a ziGamma distribution with a log-link. We also per-
formed an alternative lmer analysis of log-transformed foraging
load that excluded zero values, but results were qualitatively
similar to the zero-inflated models (not shown). We used MuMIn
v1.43.15 (Bartonn 2019) to automatically calculate AIC for the

GLMM models and present the final model as that with lowest
AIC (setting REML = FALSE in Ime4 to use maximum likelihood
for model comparisons).

Integrating Morphological and Population Genetic
Dissimilarities

We also tested the relationship of morphological clines with pat-
terns of population genetic structure estimated using SNP data
from prior RADseq work (Jackson et al. 2018). We used VCFtools
(Danecek et al. 2011) to filter raw SNP calls (which had a minimum
sequencing depth of 5x and genotype quality score of 10, and <15%
missing data). Because B. vancouverensis had a larger number of
total SNPs, to make the data sets comparable, we randomly selected
10,000 of the resulting biallelic SNPs with a minor allele frequency
of 5% from each species. Matrices used for analyses included pair-
wise trait differences, genetic structure (pairwise F ), elevation
differences, pairwise distances for AMT, and spatial distance calcu-
lated between each population pair. We calculated mean and pair-
wise F. (Weir and Cockerham method) for each pair of localities
within each species using hierfstat (Goudet and Jombart 2018). For
morphological traits, we focused on field mass and p_ ., to maxi-
mize the number of populations that could be included, given simi-
larity in relative patterns for field and empty values when both mass
measurements were available. We calculated the pairwise Euclidean
distance between population means for each trait and the associated
site elevation and AMT (population means rescaled using the R scale
function) using ecodist 2.0.3 (Goslee and Urban 2007). Finally, we
calculated pairwise geographic distance (km) with distm (distGeo
option) in the R package geosphere 1.5-10 (Hijmans 2019).

To test main effects of space, elevation, and genetic struc-
ture on morphological traits, we used two approaches: Maximum
Likelihood Population Effects (MLPEs) modeling (Clarke et al. 2002)
and Multiple Regression on Distance Matrices (MRMs) (Legendre
et al. 1994). MLPE was conducted using mlpe_rga in the package
ResistanceGA 4.0-14 (Peterman et al. 2014, Peterman 2018), which
is a linear mixed model approach that factors in multiple pairwise
comparisons using population as a random effect. MRM and sig-
nificance testing were conducted with default settings in ecodist. We
examined models testing the effects of the various distance matrixes
on morphological dissimilarity for each method. MLPE models were
compared with AIC.

Results

General Trait Characteristics Within and

Between Species

Worker bees of both species varied considerably in size metrics both
within and between sites across their geographic ranges (Figs. 2 and 3;
Supp Table S1 [online only]). Traits were highly correlated within
individuals for each species (Supp Fig. S2 [online only]), including,
for example, mass and wing area (e.g., Pearson’s correlations for
empty mass and forewing area: B. vancouverensis r = 0.83, t = 24.3,
df = 272, P < 0.001; B. vosnesenskii r = 0.86, t = 24.3, df = 204,
P < 0.001), and forewing and hindwing area (B. vancouverensis
r=0.93,t=46.97, df = 345, P < 0.001; B. vosnesenskii r = 0.97,
t=61.6,df =240, P < 0.001). Between the two species, Imer models
showed that B. vosnesenskii workers were significantly larger than
B. vancouverensis, with greater mass (field: ¢ = 10.2, df = 64.7,
P < 0.001; empty: ¢ = 9.8, df = 58.8, P < 0.001; Fig. 2A and B), ITS
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Fig. 3. Effect predictions (with 95% Cl) of mass (field and empty), thorax size (ITS), forewing area, and transformed wing loading (p,,. ¢4 pwEmmv) against (A)
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(t = 8.98,df = 64.1, P < 0.001; Fig. 2C), and forewing area (¢ = 12.5,
df=71.99,P <0.001; Fig. 2D) (Supp Table S2 [online only]). Foraging
loads at the time of sampling were also larger in B. vosnesenskii
(17.8 mg = 1.14 SE mg per bee) than B. vancouverensis (11.5 = 0.63
SE mg per bee), but differences could largely be explained by size
differences between the species (i.e., larger bees carried significantly
larger loads), with no significant species effect when mass was in-
cluded in the GLMM (Table 1; Fig. 2L). The Imer models identi-
fied a significant association between log-transformed ITS and mass
(field or empty) (Fig. 2G and H); however, there was also a species
effect, with B. vosnesenskii being significantly heavier for a given
thorax size (Supp Table S2 [online only]). There were no significant
differences between the species in mean wing loading (p :1=1.0,

wField'
P =033 p, 5 t=12,P=022), although there were clear dif-
ferences between species in the correlation between p  and mass for
the species (Fig. 2] and K) due to relatively small increases in wing
area with body size in B. vancouverensis (Fig. 21; Supp Table S3

[online only]).

Spatial Trait Correlations Within Species

Given prior studies that have investigated the potential for
Bergmann’s rule to operate within Bombus (e.g., Peat et al. 20035,
Ramirez-Delgado et al. 2016, Scriven et al. 2016), we first tested the
effects of latitude on size traits for each species under the hypoth-
esis that bees should generally be larger at higher latitudes (Fig. 3A;
Supp Table S4a and b [online only]). Indeed, for B. vancouverensis,
we found significant increases with latitude in the Imer models for
field mass (¢ = 4.73, df = 34.07, P < 0.001), empty mass (¢ = 4.74,
df = 27.15, P < 0.001), forewing area (¢ = 2.16, df = 33.47, P =

0.03),p, ., (t =452, df = 33.78, P < 0.001), and p ¢ =4.98,
df =27.73, P < 0.001). In B. vosnesenskii, no traits were significantly
affected by latitude (Fig. 3A; Supp Table S4b [online only]). Despite
the clear relationship between ITS and body mass estimates (Fig. 2A

w-Empty (

and B) and the highly significant latitude-mass and latitude-wing
area relationships, we found no significant effect of latitude alone on
ITS in either species (Fig. 3A; Supp Table S4a and b [online only]), al-
though trends were in the same direction as for mass (Fig. 3A; Supp
Fig. S3 [online only]).

The B. vancouverensis mass—latitude effect is consistent with ex-
pectations for an intraspecific Bergmann cline; however, when we
evaluated the effects of AMT (Fig. 3B; Supp Table S4c¢ and d [on-
line only]), there was no significant association with traits, except
for a marginal increase in p ... with AMT (¢ = 2.24, df = 35.18,
P = 0.03). Although not significant, bees tended to be larger at
warmer sites for B. vancouverensis, which is opposite the direction
expected if the observed latitudinal Bergmann’s cline was driven by
thermoregulation. There were no significant effects of AMT on size
traits in B. vosnesenskii.

We next considered effects of elevation to test the hypothesis
that morphology changes could be associated with flight in thinner
air (Fig. 3C; Supp Table S4e and f [online only]). Mass was signifi-
cantly smaller with elevation for B. vancouverensis (field: ¢t = -4.12,
df = 33.71, P < 0.001; empty: ¢ = -3.83, df = 26.46, P < 0.001),
but not for B. vosnesenskii (Fig. 3C; Supp Table S4e and f [online
only]). As for latitude, there was no significant effect of elevation
on ITS. The distinction of ITS from mass in B. vancouverensis
could stem from a complex relationship between mass and ITS that
changes with elevation; a Imer model evaluating the relationship be-
tween ITS and mass that included elevation as a covariate indeed

Table 1. Zero-inflated GLMMs (modeled using a zero-inflated Gamma distribution with log-link in gimmTMB package) examining effects
of (a) species and mass on foraging loads (estimated from bee mass difference with removal of pollen and nectar), and the delta-AlCc
selected models for (b) B. vancouverensis and (c) B. vosnesenskii species-specific foraging loads

(a) Foraging load (mg)
Predictors Estimate SE 2 P
Intercept 13.42 0.074 35.003 <0.001
Species (B. vosnesenskii) 1.235 0.127 1.667 0.096
Scaled bee empty mass (mg) 1.196 0.061 2.952 0.003
Zero-inflated model
Intercept 0.096 0.162 -14.514 <0.001
N,;,: 480, N, 44
(b) B. vancouverensis foraging load (mg)
Intercept 12.206 0.061 41.05 <0.001
Scaled AMT (BIO1) 1.122 0.055 2.082 0.037
Scaled bee empty mass (mg) 1.148 0.058 2.395 0.017
Zero-inflated model
Intercept 0.083 0.227 -10.96 <0.001
N, : 274, Ngru“p$: 28
(c) B. vosnesenskii foraging load (mg)
Intercept 18.918 0.064 46.067 <0.001
Scaled bee empty mass (mg) 1.212 0.065 2.934 0.003
Scaled latitude 0.911 0.061 -1.526 0.127
Zero-inflated model
Intercept 0.114 0.23 -9.449 <0.001
N,,: 206, N, 17

Analyses were repeated using standard Imer with log-transformed foraging loads (excluding all bees with no measured foraging load) and results were identical,

with the exception that the top B. vosnesenskii model did not include the insignificant latitude effect (not shown).
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in the model for that species. Maps show spatial trends of trait value from interpolation of estimates for each model (filled.mapMM function in spaMM). Note,

for B. vosnesenskii mass and P empty”
model with at least one fixed effect (see Table 2 for model details).

suggests an interaction effect, where B. vancouverensis workers are
lighter at high elevations relative to their ITS (Supp Fig. S4 [on-
line only]). Such an effect was absent in B. vosnesenskii, with ITS
being the sole best predictor of mass (Supp Fig. S4 [online only]).
Consistent with the predicted impact from challenges to flight at ele-
vation, B. vancouverensis showed clear and significant reductions in
p, with elevation (p . : t = =5.15, df = 35.07, P < 0.001; p,, . =
t = -4.66, df = 27.40, P < 0.001) (Fig. 3C; Supp Table Sle [online
only]). For B. vosnesenskii, there was no relationship for p with
elevation (Supp Table S1f [online only]). There was a marginally sig-
nificant increase in forewing area with elevation in B. vosnesenskii
(t=2.51,df = 17.84, P < 0.05; Supp Table S1f [online only]) but not
B. vancouverensis (Supp Table S4e [online only]).

The spaMM models considering both elevation and AMT were
generally consistent with the results above, suggesting much stronger
spatial patterns in B. vancouverensis and with a strong reduction in
mass and wing loading where the species is restricted to the highest
elevations in the south (Fig. 4). For mass, the low-AIC model for
B. vancouverensis included only a significantly negative elevation ef-
fect (95% CI: -0.084 to —0.013), while for B. vosnesenskii, the best
model only retained the intercept (Table 2 [a]; Supp Table S5 [online
only]). For p
elevation, interaction) had the lowest AIC; for p,_ . . the complete

wEmpry in B. vancouverensis, the complete model (AMT,
model and an elevation-only model were essentially tied for AIC;
however, we elected to present the complete model because the inter-
action term CI suggested it was significant (Table 2 [b]; Supp Table S5
and p models both

w-Empty

[online only]). The B. vancouverensis p, .,
revealed a significant reduction in wing loading with elevation (95%
ClIs: -0.060 to -0.009; -0.056 to -0.008), as well as positive ele-
vation—-AMT interactions (95% Cls: 0.0002-0.032; 0.0008-0.028)
(Table 2 [b and c¢]). Wing loading in B. vancouverensis thus de-
creased more strongly with elevation at colder AMTs (see also Supp

Fig. S5 [online only]). The selected p model for B. vosnesenskii

w-Field

the low-AIC models were intercept plus random effect only, but for visualization, results are presented for the next best

included an AMT effect (95% CI: 0.002-0.06), while for Pty 31
intercept-only model was retained (Table 2 [b]). Top models for ITS
in both species only included an intercept, but trends were similar
to mass (Supp Fig. S3 [online only]). It is again important to stress
that the correlations of spatial variables (Supp Fig. S1 [online only])
make purely statistical conclusions from these observation data chal-
lenging, but together with univariate analyses, results suggest that
temperature, latitude, and elevation may all influence body size traits
in some way for both species, and the effects of these variables on
traits differ between the species.

Finally, because we initially restricted our analyses to sam-
ples from 2014 to 2016 to standardize sampling periods for
the two species, this resulted in fewer sites and samples for
B. vosnesenskii compared to B. vancouverensis, especially for
higher elevation sites at intermediate latitudes. We elected to
repeat the morphological analyses above by including an add-
itional 159 B. vosnesenskii specimens collected from 13 sites in
2013 to evaluate whether the above results could be a result of
reduced statistical power (open triangles in Fig. 1). However,
repeated analyses detected no additional significant effects and
final models were essentially the same as those presented above.
The only exceptions were that the marginal elevation effect on
forewing area and the AMT effect on p . . were actually not
observed in the larger data set. Thus, differences between the spe-
cies do not appear to be a simple artifact of sampling (detailed in
Supp Tables S6-S8 [online only]).

The Phylogeography of Trait Dissimilarity

We investigated the relationship of morphological differences
among populations with population structure, distance, and ele-
vation by performing analyses on dissimilarity between sites for
body mass and p_, traits for which we had the most complete data
sets. We investigated effects of pairwise spatial distance, which in
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Table 2. Results for the final (low AIC; Supp Table S5 [online only]) spaMM spatial mixed models (Gamma family with log-link) for (a) field

mass and (b) wing loadings p,,.,,, and (¢) p,, ¢,

(empty mass results were essentially the same as field mass; ITS was also tested but re-

turned intercept-only models for both species; see Supp Fig. S3 [online only])

(a) B. vancouverensis field mass (mg) B. vosnesenskii field mass (mg)
Predictors Estimate SE t 95% CI (low, high) Est. SE t 95% CI (low, high)
Intercept 4.700 0.016 289.5 5.044 0.037 134.4
Scaled elevation (km) -0.053 0.014 -3.51 -0.084,
-0.013
Random effects
v, p 0.257,5.138 3.22,37.86
Random effect variance A 0.0038 0.023
Residual variance ® 0.027 0.035
Ny Nyoups 347,33 242,20
(b) B. vancouverensis p,, .., (N/m?) B. vosnesenskii p, .., (N/m?)
Intercept 2.961 0.009 326.0 2.971 0.015 203.53
Scaled AMT (BIO1) -0.006 0.009 -0.61 -0.026, 0.03 0.015 2.248 0.002,
0.017 0.064
Scaled elevation (km) -0.040 0.009 -4.39 -0.060,
-0.008
Scaled AMT * Scaled elevation 0.016 0.007 2.20 0.0002,
0.0320
Random effects
v, p 0.075,4.68 2.08,37.86
Random effect variance A 0.001 0.003
Residual variance ¢ 0.011 0.018
Ny Nooups 347,33 242,20
(c) B. vancouverensis .y (N/m?) B. vosnesenskii P kmpry (N/m?)
Intercept 2.843 0.008 351.38 2.858 0.015 195.7
Scaled AMT (BIO1) -0.019  0.007 -2.60 -0.037,
0.002
Scaled elevation (km) -0.040 0.008 -5.07 -0.056,
-0.008
Scaled AMT * Scaled elevation 0.015 0.006 2.69 0.0008,
0.0275
Random effects
v, p 0.065, 0.956 0.005, 32.18
Random effect variance A 0.001 0.002
Residual variance ® 0.006 0.010
N Ny 274,27 206,17

Full model fixed effects were latitude, AMT (BIO1) (both center-scaled), and the interaction, with coordinates specified as a random effect using a Matérn cor-

relation matrix (described by correlation smoothness parameter v and the scale parameter p).

this system largely reflects latitudinal separation (Jackson et al.
2018), and elevation. AMT distance matrices did not have a sig-
nificant effect in any MRM or improve AIC in MLPE models
for either species, so are not discussed further. The standardized
10,000 SNP data sets provided highly precise estimates of popula-
tion structure; F values were nearly identical to those previously
reported in a larger study (Jackson et al. 2018), with both species
weakly structured but B. vancouverensis exhibiting nearly seven-
fold greater differentiation (F = 0.022, 95% CI: 0.021-0.023)
than B. vosnesenskii (F = 0.003, 95% CI: 0.003-0.004). Isolation
by distance was also stronger in B. vancouverensis (Fig. 5; MRM
R?=10.90, P <0.001 for B. vancouverensis; R* =0.10, P < 0.001 for
B. vosnesenskii).

Morphological trait variation was correlated with this popula-
tion structure, especially in B. vancouverensis (Fig. 5; Supp Fig. S6
[online only]). In B. vancouverensis, dissimilarity among popula-
tions for mass and p_ showed clear relationships with F,, geographic

distance and elevation in univariate models (Table 3; Supp Fig.
S6a [online only]). Differences in mass for B. vancouverensis were
largely correlated with genetic differentiation; MLPE models
incorporating F had the lowest AIC values (AAIC > 15.5 com-
pared to any model without F, ), with the F_ -only model having the
lowest AIC (Fig. SA; Table 3) and F was significant for all MRM
mass models that included population structure alone or in combin-
ation with other variables, which also had much larger R? values.
Geographic distance was significant alone or in combination with
elevational distance, but elevational distance was only significant
in its univariate MRM and not in combination with other factors
(Table 3). For p,, elevation was significant and produced higher R*
values whenever included in MRM models in B. vancouverensis
(Fig. 5A; Supp Fig. S6a [online only]) and all the best performing
MLPE models incorporated elevation (AAIC > 40.5 vs models
excluding elevation). The low-AIC model included elevation and
F,,, which was better supported than a model including F alone
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Fig. 5. Relationships among space, population structure (F), and average mass and wing loading (p,) differences among pair of populations for (A)
B. vancouverensis and (B) B. vosnesenskii. Panels include plots of isolation by distance (Fg, by geographic distance), effects of population structure on mass, and
the effects of elevation on mass and p,, residuals from models including F . and geographic distance. The latter panels are included to illustrate the remaining
positive effect of elevational separation on wing loading differences among B. vancouverensis populations after accounting for space and population structure,
but not for B. vosnesenskii populations and not for mass in either species (see Table 3 and Supp Fig. S6 [online only]).

(AAIC = 42.5), but only marginally better than a model with eleva-
tion alone (AAIC < 2).

For B. vosnesenskii, no MRM model explained a particularly
large proportion of mass variation and no MLPE model was as
strongly favored over the others as in B. vancouverensis, although
the F-only model had the lowest AIC; no models provided com-
pelling explanations of p  variation (Fig. 5B; Table 3; Supp Fig. S6b
[online only]).

Discussion

Body size, mass, and wing dimensions are key traits that may re-
late to thermoregulatory and flight performance in bumble bees
(Heinrich 1977, Dudley 2000, Dillon et al. 2006, Mountcastle et al.
2016). Our results indicate that bumble bees show substantial intra-
and interspecific variation in such traits and exhibit complex asso-
ciations with different spatial-environmental components of species
ranges. However, results also suggest that factors shaping morpho-
logical attributes are species dependent. Bombus vosnesenskii is
highly variable in traits but these traits show little correlation with
space or AMT, while B. vancouverensis shows strong reductions in
mass and wing loading at southern high-elevation sites. Uncovering
the specific variables driving selection for spatial-environmental
correlations will require more work. However, our results suggest
that general biogeographic rules (e.g., Bergmann’s rule) may not
consistently drive evolution of trait dimensions across bumble bees,
which could explain some of the conflicting patterns observed in
other studies of biogeographic clines (Peat et al. 2003, Scriven et al.
2016, Gérard et al. 2018). Further, we find that reduced gene flow is

related to the degree of intraspecific morphological divergence, with
clearer signatures of spatial-environmental correlations for traits
in the species that likewise has greater spatial population genetic
structure, B. vancouverensis. This suggests that the same landscapes
that produce strong genetic structure may also impact morphology,
such that population genetics may be useful for predicting when
species are likely to exhibit significant biogeographic variation in
functional traits.

Does Bergmann's Rule Apply to B. vosnesenskii and

B. vancouverensis?

The general expectation for Bergmann’s rule in endothermic spe-
cies is that body size should increase with latitude from selection to
minimize heat loss at cooler temperatures (Ashton 2002). The first
hypotheses we tested were thus a) whether montane bumble bee spe-
cies followed Bergmann’s rule by exhibiting increased body size with
latitude and/or elevation and b) whether this would indicate a role
for thermoregulation in body size evolution by exhibiting negative
correlations with AMT. In B. vancouverensis, there was a clear and
significant positive correlation of mass and wing size with latitude.
However, mass declined with elevation and there was no significant
relationship between mass and AMT, both contrasting with expect-
ations for a temperature-driven Bergmann cline. Spatial or environ-
mental associations for bees at different sites were weak or absent for
measured traits within B. vosnesenskii. Sample sizes were smaller for
B. vosnesenskii in the main analyses, but this was not likely the cause
of comparatively small effects of spatial-environmental variables on
trait variation (Supp Tables S6-S8 [online only]). Altogether, results
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Table 3. Dissimilarity modeling of pairwise differences in mean wing loading (a) and mass (b) between each population, incorporating
genetic distances (F;) from 10,000 SNPs (0.05 minor allele frequency), pairwise Euclidean differences in elevation (Elev) and pairwise geo-

graphic (Geo) distances

(a) P, uq distance B. vancouverensis

B. vosnesenskii

Elevation Geographic MLPE Elevation Geographic MRM MLPE
F, distance distance MRM R? AIC Fg, distance distance  R? AIC

F +Elev+Geo 2.366 0.358** 0.000 0.166*** 1070.158 -7.52 -0.103 0 0.009 310.5
F +Elev 2.998 0.358%%* - 1068.182 -9.28 -0.1 - 0.008 309.7
Elev+Geo - 0.363%** 0.000 1068.717 NA -0.1 0 0.008 310.9
F+Geo 8.670 - 0.000 0.102%** 1111.455 -3.12 - 0 0.001 309.2
F, 12.18%** - - 0.101 1110.667 -5.2 - - 0.003 308.3
Elev - 0.413%%** - 0.163%** 1069.967 - -0.1 - 0.007 309.2
Geo - - 0.001*** 0.097%*** 1113.628 - - 0 0.001 309.4
(b) Mass distance
F +Elev+Geo 19.17% 0.079 0.000 974.746 26.2 -0.001 0 0.01 389.7
FS,I,+ElcV 11.975%* 0.070 NA 973.141 27.3 -0.007 - 0.01 387.8
Elev+Geo - 0.123 0.001* 991.478 NA -0.02 0.0001  0.003 387.9
F +Geo 20.56%* - 0.000 972.747 26.5 - 0 0.01 387.8
Fy, 13.770%** - - 971.146 27.6 - - 0.01 385.9
Elev - 0.288%** - 1036.802 - -0.02 - 0.001 386.1
Geo - - 0.001***  0.096*** 990.286 - - 0 0.002 386

Each row represents the main predictors included in the model, with the F;, elevation dist., and geo dist. columns representing estimates from matrix regres-

sion models (MRMs) with the overall MRM R2. AICs were calculated from MLPE models incorporating population as a random effect. The top model values

(AAIC = 0) are in bold.

Significance for MRM estimates from permutation tests are indicated by *P < 0.05, **P < 0.01, ***P < 0.001.

suggest that the standard thermoregulation-driven Bergmann’s rule is
unlikely to be a universal explanation for intraspecific body size vari-
ation in bumble bees. Given that the larger-bodied B. vosnesenskii
also tends to occupy warmer sites on average than B. vancouverensis,
our data are also inconsistent with temperature-driven interspecific
body size differences (Fig. 1; Supp Tables S1 and S6 [online only]).
Such patterns are consistent with observations that bumble bees of
different sizes are not more or less likely to forage at different am-
bient temperatures (Couvillon et al. 2010a), and suggests that al-
ternative pressures may be more important for the biogeography of
body size clines, at least for some species.

Restriction to High Elevations as a Driver of
Morphological Clines

A possible explanation for latitude—AMT conflict becomes clear
when examining the relationships of traits with respect to altitude,
especially in B. vancouverensis. High altitudes are in some ways
analogous to high latitudes from a bioclimatic perspective, but
these environments may have unique influences on insect biology
(Hodkinson 20035, Dillon et al. 2006, Horne et al. 2018, McCulloch
and Waters 2018, Shah et al. 2020). Flight performance, in par-
ticular, is influenced by reduced air density and can also be impacted
by temperature or interactions between low air density and low
temperatures (Gilchrist and Huey 2004, Dillon and Frazier 2006).
High-elevation specialists may thus be especially likely to exhibit
trait variation that could conflict with Bergmann cline expectations
(Dillon et al. 2006, Keller et al. 2013). Within B. vancouverensis,
there was clear signature of declining mass with elevation, which
also produced sharp reductions in wing loading at the highest eleva-
tions (Fig. 3; Table 2) that should reduce induced power and enhance
flight performance in low air densities (Dudley 2000). Intriguingly,
this negative p _—elevation relationship was strongest at colder sites
(Fig. 4; Table 2; Supp Fig. S5 [online only]), with the elevation~AMT

interaction consistent with the hypothesis that effects of low air
density on insect flight performance may be exacerbated by low tem-
peratures (Dillon and Frazier 2006, Frazier et al. 2008).

The species complex to which B. vancouverensis nearcticus be-
longs (together with Bombus bifarius) tends to be associated with
high-elevation habitats throughout much of the United States
(Lozier et al. 2011, 2016; Jackson et al. 2018; Ghisbain et al.
2020). As seen in other montane Bombus (Duennes et al. 2012,
Hines and Williams 2012, Williams et al. 2018), this drives much
of the phylogeographic history of the group, and it is possible that
morphology in such specialists is adapted more for high-elevation
challenges than those imposed by temperature alone. Interestingly,
B. vancouverensis showed no increase in wing area with eleva-
tion and p  increased faster with mass in B. vancouverensis than
in B. vosnesenskii (and wing area increased more slowly with size;
Fig. 2I-K). This contrasts with some other insects, including mon-
tane honey bees, in which wing area changes across elevations
while body size remains constant (Hepburn et al. 1998, Dillon et al.
2006). This may indicate pressure to reduce body mass for minim-
izing flight challenges (Gilchrist and Huey 2004) in high-altitude
populations of B. vancouverensis, while also emphasizing that bees
can achieve changes in wing loading through alteration of different
traits. In addition to changes in flight morphology, bumble bees at
elevation rely on changes in kinematics to fly at altitude (Dillon and
Dudley 2014) and appear capable of doing so in a way that min-
imizes energetic costs (Combes et al. 2020). The smaller body size
of high-altitude B. vancouverensis may also facilitate oxygen de-
livery (Vogt and Dillon 2013). Thus, we propose that the latitudinal
Bergmann’s cline in B. vancouverensis is spurious and driven largely
by effects of elevation, rather than temperature, on body size. The
ability of B. vancouverensis to thrive at high altitudes likely reflects
a combination of the morphological changes documented here as
well as kinematic, thermoregulatory, and respiratory adaptations
necessary for survival in these challenging environments, and future
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physiological studies should aim to investigate the relative import-
ance of such characteristics across the species range.

The integration of population genetic data further supports
the stronger morphological clines in B. vancouverensis and indi-
cates some possibility that they may be locally adaptive, especially
for wing loading. Although morphological differences correlate
with genetic differentiation in both species, population structure in
B. vancouverensis and its relationship with space is clearly stronger
than in B. vosnesenskii (Table 3; Fig. 55 Lozier et al. 2011; Jackson
et al. 2018). Bombus vancouverensis is the smaller species, and the
greater F and isolation by distance are consistent with other studies
that show smaller bees are less dispersive (Greenleaf et al. 2007;
Lopez-Uribe et al. 2019). The increase in trait dissimilarity with gen-
etic and spatial-environmental differentiation in B. vancouverensis
(Fig. 5; Table 3) is especially intriguing. Mass was largely correlated
with population structure in both species (Fig. 5), while wing loading
appeared to be influenced by spatial factors in addition to genetic
differentiation alone. Consistent with our hypothesis about the role
of selection on flight morphology in high-altitude B. vancouverensis,
differences in elevation significantly contributed to wing loading
differences among populations, even after accounting for F and
geographic distance (Fig. 5A). Geographic clines in wing loading in
other insects have been hypothesized to be adaptive (Norry et al.
2001, Gilchrist and Huey 2004, Dillon et al. 2006, Klepsatel et al.
2014). Our combined genetic and morphology data are consistent
with hypotheses of local adaptation to conditions at high elevations
as important for shaping intraspecific diversity in montane bumble
bees (Jackson et al. 2020). We previously observed comparable mo-
lecular signatures of local adaptation in B. vancouverensis with
genome—environment association analyses (Jackson et al. 2020), and
we hypothesize that variation in mass and wing loading is likewise
driven by strong selection acting on populations restricted to high
elevations of the High Sierras. In contrast, B. vosnesenskii is both
a better disperser and a greater habitat generalist throughout the
region, which may contribute to maintenance of local phenotypic
diversity and inhibit any habitat specific adaptive divergence (Horne
et al. 2018, Kendall et al. 2019).

Study limitations suggest future directions for understanding
adaptation in montane Bombus.

There are several limitations to our study that require discus-
sion. First, although spatial-environmental variables are clearly
associated with morphological variation, and species differ in the
strength of their response to such variables, the strong collinearity
in this system poses challenges for unambiguously assigning func-
tional drivers of trait variation (Supp Fig. S1 [online only]). In
part, this can be overcome by analyses that focus on AMT and ele-
vation (Fig. 4), as we expect that latitudinal effects on morphology
would most commonly be driven by temperature, but nevertheless
collinearity is an important and somewhat unavoidable caveat in
interpretation of our results. Mechanisms other than temperature
can influence latitudinal clines in insects, while mechanisms other
than aerodynamics have been proposed for reductions in size with
increasing altitude (Chown and Gaston 2010). For example, de-
clines in size with elevation could relate to differences in season
length at high-elevation sites, where shorter seasons select for
more rapid development and smaller worker size. Prior studies
have provided data consistent with season length as a driver of
body size clines in Bombus (Ramirez-Delgado et al. 2016, Gérard
et al. 2018); however, such studies identified converse Bergmann
clines with latitude from reduced season length nearer the poles,
which we do not see here. Another possibility is that, at high

enough altitudes, oxygen limitation during development could
limit adult size and allometry of flight morphology (e.g., Frazier
et al. 2001, Woods 2004, Harrison et al. 2010). Ultimately, ex-
periments examining thermal tolerance (Oyen et al. 2016, Pimsler
et al. 2020), oxygen limitation (Frazier et al. 2001), and flight
performance (Dillon and Dudley 2014) in laboratory-reared col-
onies sampled across spatial and environmental extremes will be
needed to fully understand the mechanistic drivers of variation in
morphology, a major challenge for bumble bees.

Second, even accounting for genetic differentiation, we
cannot unambiguously invoke a role for selection, and future
studies would benefit from estimates of heritability in body
and wing dimensions to facilitate comparisons of selection and
drift (i.e., true Q—F comparisons) (Whitlock and Guillaume
2009). Developmental temperature-induced plasticity in wing
and body size is known in insects (e.g., Gilchrist and Huey
2004, Chown and Gaston 2010, Pesevski and Dworkin 2020),
although bumble bee nests tend to be temperature regulated
so this effect may be lessened (Heinrich 2004, Scriven et al.
2016). Bumble bee workers do exhibit variation in size even
within nests (Couvillon et al. 2010a, b), which can be influ-
enced by factors such as age or nutrition (reviewed in Chole
et al. 2019) and may vary over time (but see Couvillon et al.
2010b). Body size clines among populations could thus arise
from autocorrelated spatial or temporal clines in floral re-
source availability or nest provisioning across sampling sites.
Even body size clines produced from resource limitation could
be adaptive, however, as smaller bees might be more starva-
tion resistant (Couvillon and Dornhaus 2010). Body size and
wing dimensions do commonly have a genetic basis in insects
(Chown and Gaston 2010, Pitchers et al. 2013, Klepsatel et al.
2014), including bees, that might contribute to local adapta-
tion even if plasticity does play a role (Daly et al. 1991, Hunt
et al. 1998, Calfee et al. 2020). The genetic basic of such vari-
ation in Bombus remains to be determined, but new reference
genomes for these species (Heraghty et al. 2020) should facili-
tate future studies to detect loci contributing to morphology.

As a final point, our data show that reductions in mass are not
fully captured by the linear body size metric ITS. When mass is
modeled as a function of both ITS and elevation, B. vancouverensis
individuals tend to be somewhat lighter at high elevations than
predicted by their thorax size (Supp Fig. S4 [online only]). This
suggests that B. vancouverensis may be reducing mass at eleva-
tion in a manner not reflected in thoracic size (see also Kelemen
et al. 2020). We tested whether bees might manipulate foraging
loads to reduce wing loading, but we found little evidence for this.
High-elevation B. vancouverensis thus appear to be reducing mass
through some alternative, yet to be determined, mechanism. One
practical implication is that results from proxies like ITS may not
fully reflect ecologically relevant body mass measurements within
species. ITS can quickly and easily be measured from both field
and natural history collection specimens and has routinely been
used as a proxy for mass or size in bees (Greenleaf et al. 2007,
Hagen and Dupont 2013, Kendall et al. 2019), but accurate meas-
urement of the small differences (< 1-2 mm) among individuals
within species can be challenging, and the unreliability of ITS as a
predictor of mass within bee species has been recognized (Kendall
et al. 2019). Although ITS and mass are correlated, each metric
may capture some unique aspects of morphology in certain condi-
tions (Kelemen et al. 2020), and both should be considered where
necessary.
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Conclusion

In conclusion, both B. vosnesenskii and B. vancouverensis exhibit mor-
phological variation across their ranges, but only in B. vancouverensis does
trait variation clearly track spatial and environmental differences among
sites. Bergmann’s rule is not universal even for bumble bees from similar
geographic regions, and where size-latitude clines are apparent, they may
not be driven by temperature. Our results show that pressures associated
with altitude are likely important drivers of body mass and wing loading
reductions in high-elevation specialists like B. vancouverensis. One impli-
cation is that if evolution drives local trait adaptation in high-elevation
specialists like B. vancouverensis, more generalist bumble bee species
may face challenges as low-elevation sites become increasingly inhospit-
able and populations are forced to shift upslope (Kerr et al. 2013, Sirois-
Delisle and Kerr 2018). Species like B. vosnesenskii that are less restricted
to high-elevation habitats may not possess the necessary trait adaptations
that more specialized species have evolved for dealing with non-thermal
challenges. Experimental work to investigate the physiological implica-
tions of morphological trait variation for processes like thermoregulation
and flight performance across populations and species will be crucial for
understanding the ultimate implications of this intra- and interspecific
morphological variation.

Supplementary Data

Supplementary data are available at Insect Systematics and
Diversity online.
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