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ABSTRACT

Bumble bees are integral pollinators of native and cultivated plant communities, but species are
undergoing significant changes in range and abundance on a global scale. Climate change and
land cover alteration are key drivers in pollinator declines; however, limited research has
evaluated the cumulative effects of these factors on bumble bee assemblages. This study tests
bumble bee responses to climate and land use by modeling 1) occupancy (presence/absence); 2)
species richness; 3) species-specific habitat requirements; and 4) assemblage-level responses
across geographic regions. We integrated richness, abundance, and distribution data for 18
bumble bee species with site specific bioclimatic, landscape composition, and landscape
configuration data to evaluate the effects of multiple environmental stressors on bumble bee
assemblages throughout 433 agricultural fields in Florida, Indiana, Kansas, Kentucky, Maryland,
South Carolina, Utah, Virginia, and West Virginia from 2018 to 2020. Increased prevalence of
attractive crops was associated with increased bumble bee presence, while higher maximum
temperature of warmest month and unattractive crops were linked to bumble bee absences.
Bumble bee species richness was positively correlated with attractive crops and elevation but
declined with precipitation of the wettest month. Moreover, species richness increased as
maximum temperature of warmest month approached 29°C but declined at they rose to 36°C,
suggesting a potential temperature threshold around 33°C. Distinct east vs. west groupings
emerged when evaluating species-specific habitat associations, prompting a detailed evaluation
of bumble bee assemblages by geographic region. Overall, climate and land use combine to drive
bumble bee occupancy and assemblages, but how those processes operate is idiosyncratic and

spatially contingent across regions. From these findings, we suggested regionally specific
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management practices to best support rich bumble bee assemblages in agroecosystems. Results
from this study contribute to a better understanding of climate and landscape factors affecting

bumble bees and their habitats throughout the USA.

KEYWORDS

Bumble bee, bioclimatic variables, landscape composition, landscape configuration,

agroecosystems, conservation

1. INTRODUCTION

Bumble bees (Hymenoptera: Apidae: Bombus Latreille) are essential, globally widespread
pollinators of native and cultivated plant communities (Kremen et al., 2002; Klein et al., 2007,
Goulson, 2010). There are more than 265 bumble bee species worldwide, 47 of which occur in
the USA (Colla et al., 2011; Koch et al., 2012; Williams et al., 2014; Maebe et al., 2021).
Despite their ecological and economic importance to wild and agricultural systems, bumble bee
communities are undergoing drastic changes due to anthropogenic effects such as climate change
and agricultural intensification and expansion (Kerr et al., 2015; Goulson et al., 2015; Fourcade
et al., 2019; Kohler et al., 2020).

Global climate change has led to a rise in average temperatures, changes in precipitation
patterns, and an increase in the frequency and intensity of extreme and localized weather events
(Easterling et al., 2000; Meehl and Tebaldi, 2004). Changes in climate can have profound

impacts on bumble bee species’ abundances, distributions, and population dynamics as well as
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overall community structure (Easterling et al., 2000; Parmesan, 2006; Kerr et al., 2015; Fourcade
et al., 2019). Temperature is a pervasive selective pressure that influences bumble bee evolution
and adaptation (Hines, 2008; Martinet et al., 2018; Williams et al., 2018; Pimsler et al. 2020).
Given their annual colony cycle, bumble bees are exposed to a wide range of temperatures as
they develop from spring to fall and gynes undergo winter diapause. Common throughout cool
temperate, alpine, and arctic ecosystems, bumble bees can regulate their body temperature and
generate heat in cold climates (Kerr et al., 2015; Pimsler et al., 2020), while also having
adaptations to prevent overheating (i.e., wing fanning, thoracic or evaporative cooling) during
the summer (Heinrich, 1976; Westhus et al., 2013). Despite these adaptations, frequent and
intense heat waves can lead to increased mortality of bumble bees by inducing hyperthermic
stress when foraging (for workers) or during nuptial behavior (for males) (Martinet et al., 2015;
Oyen et al., 2016; Fourcade et al., 2019; Martinet et al., 2020). Additionally, precipitation has
direct (e.g., desiccation) and indirect (e.g., floral resource availability) effects on bumble bee
fitness, and can drive foraging periods and geographic ranges (Willmer and Stone, 1998;
Williams et al., 2015; Jackson et al., 2018; Koch et al., 2019). Therefore, understanding how
bioclimatic predictors (climate conditions related to species physiology) shape bumble bee
assemblage composition (calculated as species richness and abundance) is of critical importance
for evaluating climatic constraints. Climate change also interacts with other anthropogenic
disturbances, such as land cover conversion and intensification, further altering species’
responses to these environmental conditions (Easterling et al., 2000; Kerr et al., 2015; Marshall
et al., 2018; Fourcade et al., 2019).

Within agricultural systems, intensification and expansion of high-yielding field crops

have led to extensive reductions in landscape composition (i.e., the number and amount of
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93  distinct land cover categories) and configuration (i.e., the spatial arrangement of those land cover

94  categories), resulting in landscape simplification (Meehan et al., 2011; Pfeiffer et al., 2019;

95  Nelson and Burchfield, 2021). Landscape simplification often reduces the availability, diversity,

96 and distribution of nutritionally sufficient floral resources and nesting sites for bumble bees

97  (Parysetal., 2021), leading them to be inadvertently extirpated in these agricultural

98  environments (Westphal et al., 2003; Hall et al., 2017; Williams et al., 2012). While bumble bees

99 can fly several kilometers to establish colonies and forage, they are also central place foragers
100  with strong site fidelity (Goulson, 2010; Lepais et al., 2010; Rao and Strange, 2012; Ogilvie and
101  Thomson, 2016). Therefore, increasing the diversity and connectedness of land use types that
102  provide increased floral and nesting resources within areas surrounding agriculturally intensified
103 lands can positively impact bumble bee assemblage composition and diversity (Kaiser-Bunbury
104  etal., 2017; Miljanic et al., 2019).
105 While the individual effects of climate and various landscape factors have been studied,
106  bumble bee research is just starting to evaluate the effects of multiple stressors simultaneously,
107  underscoring the need to understand how bumble bees are affected by a range of co-occurring
108 environmental changes across a range of geographic regions (Marshall et al., 2018; Fourcade et
109 al., 2019; Escobedo-Kenefic et al., 2020; Kohler et al., 2020; Ganuza et al., 2022). Research
110 incorporating land cover change with climate change continually reports that evaluating these
111  factors together is important to better understand environmental change impacts on pollinators,
112 which can then be used to implement effective conservation practices (Naeem et al., 2019;
113  Kammerer et al., 2020). As bumble bees have strong species-specific associations with land use
114  and climate variables, it is important to study both individual species responses and community

115  responses to gain a more holistic understanding of how bumble bees will be impacted by
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116  environmental changes (Whitehorn et al., 2022). For example, imperiled B. occidentalis range-
117  wide declines have been attributed to increasing temperatures during the warmest quarter of the
118  year, severe drought years, and use of nitroguanidine neonicotinoid insecticides, while their

119  occupancy is positively associated with increased forest and shrub area (Janousek et al., 2022).
120  Meanwhile, previous research in Utah identified that bumble bee assemblage composition was
121  highest at agricultural sites surrounded by more agricultural land cover, low temperatures, and
122 high relative humidity, and lowest at agricultural sites with more urban land cover in the

123  surrounding area, high temperatures, and low relative humidity (Christman et al., 2022a).

124 Further, land use can amplify or offset changes in suitable habitat for bumble bees under various
125  climate projections, emphasizing the importance of utilizing targeted land management practices
126  on top of climate mitigation techniques to reduce the magnitude of bumble bee declines (Prestele
127  etal., 2021). Overall, evaluating climate and land-use factors together is critical for managing
128  pollinator populations and their environments.

129 In this study, we evaluated the effects of climate, landscape composition, and landscape
130  configuration on bumble bee species assemblages in agricultural fields throughout nine states in
131  the USA. Specifically, we tested bumble bee responses to climate and land use by modeling 1)
132 occupancy (presence/absence); 2) species richness; 3) species-specific habitat requirements; and
133  4) assemblage-level responses and how those responses vary across geographic regions. Results
134  from this study contribute to a better understanding of climate and landscape factors affecting
135  bumble bees and their habitats throughout the USA. Detailed knowledge of species-specific

136 relationships with climate and landscape variables across a geographic range is invaluable to
137  improve targeted conservation and land management strategies to mitigate the effects of ongoing

138 environmental changes.
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139

140 2. MATERIALSAND METHODS
141

142 2.1. Overview

143

144 We combined richness, abundance, and distribution data for 18 bumble bee species with

145  bioclimatic, landscape composition, and landscape configuration data to evaluate the effects of
146 multiple environmental stressors on bumble bee occupancy and species assemblages throughout
147  the USA. Bumble bees were collected as bycatch within pest monitoring traps placed in 433
148  agricultural fields throughout nine states from 2018 to 2020. Bioclimatic data was derived at a 1
149  km spatial scale using historical Daymet monthly precipitation, minimum temperature, and

150  maximum temperature data from 2000 to 2020 (Thornton et al., 2020). Landscape composition
151  and configuration data was derived at a 1 km spatial scale from land cover values obtained from
152  the USDA National Agricultural Statistics Service CropScape and Cropland Data Layer from
153 2018 to 2020 (USDA NASS CDL, 2018-2020). A logistic regression, a generalized additive
154  mixed model, a canonical correspondence analysis, and four multivariate regression trees were
155  conducted to comprehensively assess bumble bee occupancy and assemblage-level responses in
156  relation to climate and land use variables. All data were analyzed using R version 4.3.1 (R Core
157  Team, 2022). Details for all methodological and analytical steps are described in detail in the
158  following sections.

159

160 2.2. Collection of Bumble Bees

161
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162  Bumble bees were collected within pest monitoring traps that were placed by state cooperators in
163  agricultural fields across diverse regions in the USA as part of early-detection surveys for

164  invasive lepidopterans following Spears et al., (2016) and U.S. Department of Agriculture,

165  Animal and Plant Health Inspection Service, Cooperative Agricultural Pest Survey approved
166  methods for pest surveillance (CAPS, 2022). Previous research identified that bumble bees are
167  attracted to pest monitoring traps and suggested that these captures be used to advance

168  knowledge of biodiversity, population fluctuations, and other ecological objectives (Buchholz et
169 al., 2011; Spears and Ramirez, 2015; Sipolski et al., 2019; Whitfield et al., 2019; Grocock et al.,
170  2020; Grocock and Evenden, 2020; Parys et al., 2021; Spears et al., 2016, 2021; Christman et al.,
171  2022a).

172 This study included a total of 433 agricultural fields throughout Florida, Indiana, Kansas,
173 Kentucky, Maryland, South Carolina, Utah, Virginia, and West Virginia from 2018 to 2020,

174  where the number of sites varied by state, year, and target pest (Table 1). Target pests included
175  Christmas berry webworm (CBW, Cryptoblabes gnidiella Milliere, 1867), cotton cutworm (CC,
176  Spodoptera litura Fabricius, 1775), Egyptian cottonworm (EC, Spodoptera littoralis Boisduval,
177  1833), golden twin spot moth (GTS, Chrysodeixis chalcites Esper, 1789), Old World bollworm
178 (OWB, Helicoverpa armigera Huibner, 1808), and silver Y moth (SYM, Autographa gamma
179  Linnaeus, 1758). Following methodology outlined in Christman et al. (2022a) and CAPS (2022),
180  multi-colored (green canopy, yellow funnel, and white bucket) bucket traps (International

181  Pheromone Systems, Cheshire, UK) were placed 20 m apart and hung 1.5 m above the ground
182  along the edge of vegetable or other commaodity crop fields (e.g., alfalfa, corn, small grain) as
183  part of the CAPS monitoring program. Each trap contained a pheromone lure for a single target

184  pest inside the lure basket of the trap canopy. An insecticide strip (Hercon Vaportape I1: 10%
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185  dimethyl 2,2-dichlorovinyl phosphate, Hercon Environmental Corporation, Emigsville, PA) and
186  asmall, cellulose sponge were placed inside each bucket to kill the captured insects and absorb
187  rainwater, respectively. Insecticide strips and pheromone lures for CBW, GTS, OWB, and SYM
188  were replaced no more than every 28 days, whereas pheromone lures for CC and EC were

189  changed no more than every 84 days. Although the collection period for traps varied by state,
190  most traps were serviced biweekly (monthly in Kentucky) from May to August, but some states
191 had an extended trapping season based on the period of expected pest activity (Table 1). Since
192  lure comparisons were not the intent of this study (but see Spears et al., 2016 for lure-specific
193  analyses), trap data were combined by study site and collection period.

194 Trap contents were screened for target pests by state cooperators, and all non-target

195  captures (bycatch) were sent to the Utah State University Department of Biology. Bumble bees
196  were separated from all other non-target specimens and then stored in a freezer at -18°C until
197  they could be pin-mounted, labeled, and identified to species using taxonomic keys (Colla et al.,
198  2011; Koch et al., 2012; Williams et al., 2014). All specimens were deposited into a collection in
199 the Department of Biology at Utah State University in Logan, Utah, USA, and records were
200 entered into the USDA, Agricultural Research Service, Pollinating Insect — Biology,

201  Management, and Systematics Research Unit, National Pollinating Insects Database.

202

203 2.3. Bioclimatic Variables

204
205  Historical weather data over the past 20 years (2000-2020) were extracted from each site ata 1
206  km spatial resolution for averaged monthly precipitation, minimum temperature, and maximum

207  temperature using Daymet monthly climate summaries (Thornton et al., 2020). Nineteen
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208  bioclimatic variables from WorldClim were derived from the monthly precipitation and

209  temperature values to generate more biologically meaningful variables with the dismo library
210  (Fick and Hijmans, 2017; Hijmans et al., 2020). Using an expert based selection process, this
211  subset was reduced further by selecting six variables that represent annual climatic trends and
212  extremes: annual mean temperature, maximum temperature of warmest month, minimum
213  temperature of coldest month, annual precipitation, precipitation of wettest month, and

214 precipitation of driest month (Fick and Hijmans, 2017; Hijmans et al., 2020; Jackson et al.,

215 2020).

216

217 2.4. Landscape Composition and Configuration
218

219  The elevation of each site was extracted from the North American Elevation 1 km Resolution
220  GRID (U.S. Department of the Interior, 2021). Land cover values from 2018 to 2020 were

221  obtained from USDA National Agricultural Statistics Service (NASS) CropScape and Cropland
222  Data Layer (CDL) (USDA NASS CDL, 2018-2020), which maps data at a 30-meter spatial

223 resolution.

224 The 255 Cropland Data Layer land cover classes were aggregated into five land cover
225  categories: bumble bee attractive crops, bumble bee unattractive crops, rangeland, forest, and
226  developed land (Supp. Table 1). The attractiveness of agricultural crops to bumble bees was

227  determined using the Pollinator Attractiveness Crop List produced by the USDA (2017). Bumble
228  Dbee attractive crops included plants such as tomatoes, peppers, berries, and alfalfa, while bumble
229  bee unattractive crops included plants such as corn, sorghum, and wheat. Here, we note that in

230 this study, alfalfa was included as a bumble bee attractive crop since it can flower up to 25%

10
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231  prior to being harvested, providing a pulse of resources for bumble bees (USDA, 2017).

232  Rangeland referred to lands suitable for grazing or browsing, including switchgrass, shrubland,
233  wetlands (woody and herbaceous), grasslands, and pastures. Forest included deciduous,

234 evergreen, and mixed forests. Developed land referred to urban environments that have been
235  built up with non-impervious surface cover, including low, medium, and high intensity lands.
236  The number of pixels of each land cover category was then extracted from a 1 km buffer

237  surrounding each site and the percentage of bumble bee attractive crops, bumble bee unattractive
238  crops, rangeland, forest, and developed land was quantified to determine the landscape

239  composition surrounding our surveyed agricultural sites.

240 Additionally, landscape configuration indices: contiguity, and interspersion and

241  juxtaposition, were calculated at a 1 km buffer surrounding each site using the 255 Cropland
242  Data Layer land cover classes with the landscapemetric library (Hesselbarth et al., 2019).

243  Contiguity refers to the spatial connectedness of land cover classes within a landscape.

244 Interspersion and juxtaposition refer to the arrangement, relationship, and proximity of different
245  land cover classes in a landscape (Hesselbarth et al., 2019).

246

247 2.5. Data Analysis

248

249  Four aspects of bumble bee species composition were measured for each state: total count,

250  richness (number of species), Pielou’s evenness (abundance per species), and Shannon diversity
251  (which accounts for evenness and richness) with the vegan and codyn libraries. The weekly

252  bumble bee collection rate for each state was quantified each year to standardize differences

11
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253  between state collection periods. Bubble maps were used to visualize bumble bee distribution,
254  abundance, and diversity throughout the surveyed states.

255 Variance inflation factor was used to test for multicollinearity between the selected

256  bioclimatic and landscape variables. Variables with a variance inflation factor greater than 10
257  were removed in descending order until all values were lower than 10 to reduce collinearity

258  between the explanatory variables. Maximum temperature of warmest month, minimum

259  temperature of coldest month, precipitation of wettest month, precipitation of driest month,

260 elevation, bumble bee attractive crops, bumble bee unattractive crops, forest, developed land,
261  contiguity, and interspersion and juxtaposition were included as the bioclimatic variables and
262  landscape indices within the following models.

263 A logistic regression was used to identify which landscape and bioclimatic variables were
264  predictive of bumble bee occupancy (presence/absence) in a landscape. Stepwise model selection
265 by AIC was performed on the full logistic regression model to select the best set of predictor
266  variables. A final logistic regression was then conducted with the resulting best set of selected
267  landscape and bioclimatic variables that accounted for bumble bee presences and absences. Odds
268  ratios were calculated to indicate the strength and direction of association between bumble bee
269  presence and absence and each of the individual landscape and bioclimatic variables.

270 A generalized additive mixed model was used to describe bumble bee species richness in
271  relation to linear and non-linear bioclimatic and landscape variables among all surveyed sites
272  while incorporating spatial and temporal autocorrelation residuals with the mcgv and nlme

273 libraries. All predictor variables were initially smoothed using p-splines to account for non-

274 linearities. Variables with an effective degree of freedom of 1 suggested the term was reduced to

275  asimple linear effect, and thus did not need to be smoothed.

12
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276 A canonical correspondence analysis (CCA) was used identify species-specific habitat
277  requirements by assessing correlations among explanatory variables (bioclimatic variables and
278 landscape indices) and response variables (Bombus species assemblages) from 2018 to 2020 with
279  the vegan and picante libraries. Variance inflation factor was used again to test for

280  multicollinearity in the CCA. Precipitation of driest month was removed to reduce collinearity
281  between the explanatory variables. A permutation test was used to determine the significance of
282  each variable and the overall model.

283 Multivariate regression trees were used to document assemblage-level responses by

284  evaluating the interactions between bumble bee species abundance and environmental variables
285 by geographic region from 2018 to 2020 with the mvpart library. Study sites were split into one
286  of four USDA Farm Production Regions: corn belt/Appalachian/northeast, southeast, northern
287  plains, and mountains. Corn belt/Appalachian/northeast included sites within Indiana, Kentucky,
288  Maryland, Virginia, and West Virginia (n = 225). Southeast included sites within Florida and
289  South Carolina (n = 32). Northern plains included sites within Kansas (n = 86), and mountains
290 included sites within Utah (n = 90). The multivariate regression tree groups sites based on

291  repeated splits in environmental variable values, minimizing dissimilarity within site groups.
292  Each leaf represents species assemblages and the environmental variable values associated with
293 the sites, which are displayed in the form of a tree. A cross-validation with 100 iterations was
294  generated to identify the overall best-fit predictive tree (+ 1 standard error) and to evaluate the
295  predictive ability of each multivariate regression tree.

296

297 3. RESULTS

298

13
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299 3.1. Collection of Bumble Bees

300

301  From 2018 to 2020, a total of 5,004 bumble bees representing 18 species were collected across
302  nine states (Table 2). Collection rates varied by state and year. For example, Florida had

303  extremely low collection rates of one bumble bee per week in 2019, whereas over forty bumble
304  bees were collected per week in Utah (2018 and 2020) and West Virginia (2019) (Table 3).
305 Bombusfervidus (Fabricus, 1798), B. bimaculatus (Cresson, 1863), B. impatiens (Cresson,

306  1863), B. pensylvanicus (De Geer, 1773), and B. huntii (Greene, 1860) were the five most

307  abundant species within traps, comprising 84% of total captures (Fig. 1). Bumble bee species
308 diversity was consistently highest in Indiana, Kentucky, Utah, and West Virginia (Fig. 2, Table
309 3).

310

311 3.2. Bumble Bee Presence-Absence Char acterized by Climate and L andscape

312

313  Maximum temperature of warmest month, precipitation of wettest month, elevation, bumble bee
314  attractive crops, bumble bee unattractive crops, contiguity, and interspersion and juxtaposition
315  were selected as the best set of variables in the logistic regression that accounted for bumble bee
316  occupancy (presences/absences) in a landscape (Table 4). Bumble bee presence within a

317  landscape was positively associated with bumble bee attractive crops. For every 1% increase in
318  bumble bee attractive crops, there was a corresponding 1.02x increase in the odds that bumble
319  Dbees were present (Table 4). Meanwhile, maximum temperature of warmest month and bumble
320  bee unattractive crops were associated with the absence of bumble bees in a landscape. For every

321  1°C increase in maximum temperature of warmest month, there was a corresponding 0.85x
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322  decrease in the odds the bumble bees were present. For every 1% increase in bumble bee

323  unattractive crops, the odds that bumble bees were present decreased by 0.99x (Table 4).

324 Precipitation of wettest month, elevation, contiguity, and interspersion and juxtaposition were
325  not significant, but were retained for overall model fit.

326

327 3.3. Climate and Landscape | mpact on Bumble Bee Species Richness

328

329  Bumble bee species richness was significantly associated with maximum temperature of warmest
330  month, minimum temperature of coldest month, precipitation of wettest month, elevation,

331  bumble bee attractive crops, and contiguity, while accounting for spatial and temporal covariance
332  among the surveyed sites in the generalized additive mixed model (Fig. 3, Table 5, and Table 6).
333  Based on partial effects plots, bumble bee species richness increased as maximum temperature of
334  warmest month approached 29°C and then declined with variation as temperatures rose to 36°C
335  (Fig. 3A). Meanwhile, species richness declined as minimum temperature of coldest month

336  approached -5°C and then increased slightly as temperatures approached 10°C (Fig. 3B). As

337  precipitation of wettest month increased, bumble bee species richness decreased (Fig. 3C).

338  Bumble bee species richness steadily increased with higher elevations and as bumble bee

339 attractive crops became more prominent in the landscape (Fig. 3D & 3E). Bumble bee species

340  richness increased slightly as contiguity approached 0.2 and then declined as it approached 0.3

341  (Fig. 3F).

342

343 3.4. Bumble Bee Habitat Associations
344
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345  The permutation test determined that the overall canonical correspondence analysis model was
346  statistically significant (Fyo 293 = 18.31, p-value = 0.001). Additionally, the permutation test by
347  term (i.e., explanatory variables) determined that bumble bee abundances were significantly

348  correlated with maximum temperature of warmest month, minimum temperature of coldest

349  month, precipitation of wettest month, elevation, bumble bee attractive crops, bumble bee

350 unattractive crops, forest, developed land, and interspersion and juxtaposition (Table 7). Over the
351 three-year study period, these variables explained 35.99% of variation in bumble bee

352  assemblages. Bombus appositus (Cresson, 1878), B. californicus (Smith, 1854), B. centralis
353  (Cresson, 1864), B. fervidus (Fabricius, 1798), B. huntii (Greene, 1860), B. insularis (Smith,
354  1861), B. morrisoni (Cresson, 1878), B. nevadensis (Cresson, 1874), B. rufocinctus (Cresson,
355  1863), and B. vancouverensis (Cresson, 1878) were clustered together (Fig. 4). These western
356  species shared similar habitat requirements, particularly high elevation environments with high
357  proportions of bumble bee attractive and unattractive crops within the surrounding area, high
358  maximum temperatures of warmest month, and increased interspersion and juxtaposition.

359  Meanwhile, all eastern bumble bee species were associated with low elevation environments
360 (Fig. 4). Additionally, B. auricomus (Robertson, 1903), B. fraternus (Smith, 1854), B. impatiens
361  (Cresson, 1863), and B. pensylvanicus (De Geer, 1773) De Geer, 1773) were associated with
362  high minimum temperatures of coldest month and increased precipitation of wettest month (Fig.
363  4). Further, B. bimaculatus (Cresson, 1863), B. perplexus (Cresson, 1863), and B. vagans (Smith,
364  1854) were associated with habitats with high values of forest in the surrounding area. Bombus
365  griseocollis (De Geer, 1773) was not associated with high or low values of any of the

366  environmental variables, meaning they were found ubiquitously throughout the habitats

367  regardless of the bioclimatic variable, landscape composition and configuration indice values
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368  (Fig. 4). Given the distinct groupings observed in the canonical correspondence analysis, we then
369 evaluated bumble bee habitat associations by geographic region.
370

371 3.5. Climate and Landscape | mpact on Bumble Bee Assemblages by Geographic Region

372

373  The multivariate regression tree for the corn belt/Appalachian/northeast geographic region

374 resulted in a five-leaf tree where branching was determined by developed land, minimum

375  temperature of coldest month, and maximum temperature of warmest month (Error = 0.484, CV
376  Error =0.979, SE = 0.473) (Fig 5). Bombus bimaculatus was the predominant species collected
377  across all leaves. Sites with higher developed land and higher minimum temperature of coldest
378  month had the most individual bumble bees present, with 1,153 bumble bees across seven

379  species (Fig. 5A). Meanwhile, sites with higher developed land, moderate minimum temperature
380  of coldest month, and higher maximum temperature of warmest month had the highest species
381  richness, with 880 bumble bees collected across nine species (Fig. 5B). Sites with higher

382  developed land, lower minimum temperature of coldest month, and higher maximum

383  temperature of warmest month had lower abundances of the seven bumble bee species collected
384  (Fig. 5C). Further, 761 bumble bees from 8 species were found at sites with higher developed
385  land, lower minimum temperature of coldest month, and lower maximum temperature of

386  warmest month (Fig. 5D). Bumble bee assemblages were the least rich in terms of richness and
387  abundance at sites with lower proportions of developed land (Fig. 5E).

388 The multivariate regression tree for the southeast geographic region resulted in a four-leaf
389 tree where branching was determined by forest land, precipitation of wettest month, and

390  maximum temperature of warmest month (Error = 0.278, CV Error = 1.63, SE = 0.572) (Fig 6).
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391  No bumble bees were found at sites with lower forest land, higher precipitation of wettest month,
392  and lower maximum temperature of warmest month (Fig. 6A). Only one B. pensylvanicus was
393  found at sites with lower forest land, higher precipitation of wettest month, and higher maximum
394  temperature of warmest month (Fig. 6B). Meanwhile, sites with lower forest land and lower

395  precipitation of wettest month had 97 bumble bees across four species (Fig. 6C). Bumble bee
396  assemblages were most rich at sites with higher forest land, where 110 bumble bees across six
397  species were found at these sites (Fig. 6D).

398 The multivariate regression tree for the northern plains geographic region resulted in a
399  four-leaf tree where branching was determined by precipitation of driest month and minimum
400 temperature of coldest month (Error = 0.571, CV Error = 1.48, SE = 0.362). Bombus

401  pensylvanicus was the most abundantly collected species. Bumble bee assemblages were most
402  rich in terms of both richness and abundance at sites with lower precipitation of driest month
403  (Fig. 7A), containing 119 bumble bees across five species. Meanwhile, sites with medium levels
404  of precipitation of driest month and lower minimum temperature of coldest month had 24

405  bumble bees present across three species (Fig. 7B). Similarly, 36 bumble bees from three species
406  were found at sites with higher levels of precipitation of driest month and lower minimum

407  temperature of coldest month (Fig. 7C). Comparably, sites with higher levels of precipitation of
408  driest month and higher minimum temperature of coldest month had 28 bumble bees present
409 representing four species (Fig. 7D), with B. pensylvanicus being the dominant species.

410 The multivariate regression tree for the mountain geographic region resulted in a five-leaf
411  tree where branching was determined by precipitation of wettest month, contiguity, bumble bee
412  attractive crops, and developed land (Error = 0.438, CV Error = 0.797, SE = 0.151). Bombus

413  ferviduswas consistently the most abundant species across all leaves. Sites with lower
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414  precipitation of wettest month had the highest species richness, with 307 bumble bees across
415  eleven species (Fig. 8A). Meanwhile, sites with higher precipitation of wettest month, lower

416  contiguity, and less bumble bee attractive crops had 176 bumble bees present representing 10
417  species (Fig. 8B). Similarly, sites with higher precipitation of wettest month, lower contiguity,
418 and more bumble bee attractive crops had 289 bumble bees present across 10 species (Fig. 8C).
419  Moreover, 333 bumble bees from 9 species were present at sites with higher precipitation of

420  wettest month, higher contiguity, and less developed land (Fig. 8D). Likewise, 452 bumble bees
421  from 9 species were present at sites with higher precipitation of wettest month, higher contiguity,
422  and more developed land (Fig. 8E).

423

424 4. DISCUSSION

425

426  Overall, in this study we tested bumble bee responses to climate and land use by modeling 1)
427  occupancy (presence/absence); 2) species richness; 3) species-specific habitat requirements; and
428  4) assemblage-level responses and how those responses vary across geographic regions. Similar
429  to previous studies, we found that temperature, precipitation, and land use significantly drive
430  bumble bee assemblages (Naeem et al., 2019). Overall, climate and land use combine to drive
431  bumble bee occupancy and assemblages, but how those processes operate is idiosyncratic and
432  spatially contingent across regions.

433

434 4.1. Bumble Bee Occupancy and Richness Char acterized by Climate and L andscape

435
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436  We found that maximum temperature of warmest month, precipitation of wettest month,

437  elevation, bumble bee attractive crops, bumble bee unattractive crops, interspersion and

438  juxtaposition, and contiguity were the most important factors for predicting bumble bees

439  occupancy and species richness. Increased prevalence of bumble bee attractive crops increased
440  the odds of bumble bee presence, while also positively impacting the number of individual

441  species found within the habitat. Meanwhile, increased prevalence of bumble bee unattractive
442  crops and maximum temperature of warmest month increased the odds of bumble bee absence.
443  Unlike our findings in the logistic regression that documented the absence of bees within

444  increased maximum temperature of warmest month, the generalized additive mixed model

445  provided more information on species richness trends that were not solely negative. Species
446  richness increased with increasing maximum temperature of warmest month until 29°C before a
447  marked decline as temperatures rose above 33°C. Therefore, while bumble bees were found at
448  sites with temperatures between 33-36°C, this range may represent a temperature threshold for
449  some species. From a management perspective, these findings highlight actions land managers
450  can actively employ to increase the presence and richness of bumble bees within and around
451  their farms. Planting bumble bee attractive crops such as tomatoes, peppers, cucumbers, berries,
452  melons, squash, and soybeans surrounding less-bee friendly row crop fields (e.g., corn, small
453  grains) can provide nutritive pollen and nectar for bumble bees, thereby increasing their presence
454 and richness (USDA, 2017). Further, planting bumble bee attractive crop trees (i.e., peaches,
455  cherries, apples, oranges, nectarines, plums, and apricots) for shade cover can help to provide
456  microclimates to help offset the negative association with high maximum temperature of

457  warmest month, while also increasing the presence of pollen and nectar within the environment

458  for bumble bees. Further, while not significant in the logistical regression, precipitation of
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459  wettest month, elevation, and contiguity were again identified as being of importance to bumble
460  Dbee species richness within the generalized additive model. Like the logistic regression, species
461  richness declined with increased precipitation of wettest month, which may be a result of

462  reduced foraging during these periods due to increased rainfall (Peat and Goulson, 2005;

463  Sanderson et al., 2015). Additionally, as elevation increased there was a respective linear

464  increase in species richness, which is likely a byproduct of geographic region (east vs. west) and
465  the number of species found within the respective region. Increased contiguity led to a slight
466  increase in species richness before declining as contiguity rose above 0.2. With this, it is

467  important to note that contiguity was low throughout our study sites, meaning the landscapes
468  were comprised of several different land cover types (Hesselbarth et al., 2019), which could
469 increase the amount of floral and nesting resources available to bumble bees within the

470  surrounding area.

471

472 4.2 Bumble Bee Habitat Associations

473

474  Species-environment associations identified that geographic region played a large role in

475  species-specific habitat requirements, with distinct groupings in the east and west. In the east,
476  species were associated with lower elevations along with high minimum temperatures of coldest
477  month, increased precipitation of wettest month, and increased forest land surrounding the

478  agricultural fields. These associations make sense because the east typically has lower elevations,
479  warmer winters, and more precipitation compared to the west. It is important here to note that the
480  west is solely represented by Utah, an intermountain state characterized by high elevation

481  irrigated agricultural valleys, in this dataset. Therefore, results would likely be different if other
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482  western states were included in this dataset. In the west, Utah bees were associated with higher
483  elevations, higher levels of attractive and unattractive crops, high maximum temperatures of

484  warmest month, and increased interspersion and juxtaposition. Again, from a geographic

485  standpoint these associations make sense because the west has higher elevations and warmer and
486  drier summers than many of the eastern states, suggesting these bumble bees have adapted to
487  these conditions. Further, the association of Utah bumble bee species with higher values of

488 interspersion and juxtaposition suggests that these bumble bees are more abundant with

489  landscapes that have a mix of land cover types that are well dispersed (less contiguous) within
490  the surrounding area. One species that emerged as being of particular interest is B. griseocallis,
491  which was ubiquitous throughout the study areas, following its known distribution (Colla et al.,
492  2011; Koch et al., 2012). This species may be more resilient to land cover and climate change as
493  they are able to survive well throughout a range of habitat types (i.e., open farmland and fields,
494  urban parks and gardens, and wetlands) and climates across the U.S. (Koch et al., 2012;

495  Kingsolver et al., 2013; Williams et al., 2014). Overall, this model identified that geographic
496  region impacted species-specific habitat requirements, emphasizing the importance of evaluating
497  species on a regional scale.

498

499 4.3. Climate and L andscape | mpact on Bumble Bee Assemblages by Geographic Region

500

501 In the corn belt/Appalachian/northeast, sites were grouped by developed land, minimum

502  temperature of coldest month, and maximum temperature of warmest month. Sites with higher
503  proportions of developed land within the surrounding area supported rich bumble bee

504  assemblages in terms of both richness and abundance. This may be a result of roadside strips,
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505 residential gardens, community gardens, and city parks having greater abundance of floral

506  resources than the commodity crop fields surveyed in this study (Martins et al., 2017; Bennett
507 and Lovell, 2019; Kelemen and Rehan, 2020; Wenzel et al., 2020). Further, the bumble bee
508 species found in the sites with more developed land within the surrounding area were relatively
509  similar, so minimum temperature of coldest month and maximum temperature of warmest month
510 did not play a large role in impacting species richness at these sites. However, high and low

511  values of minimum temperature of coldest month and maximum temperature of warmest month
512  did impact the overall abundance of each species found at these sites. For example, at the

513  temperature extremes (lower minimum temperature of coldest month and higher maximum

514  temperature of warmest month) species were collected at lower abundances. Regardless, this
515 finding identifies that within sites with a higher proportion of developed land in the surrounding
516  area, species are found throughout a range of temperatures. Meanwhile, sites with low

517  proportions of developed land in the surrounding area supported low bumble bee assemblages
518 that were largely dominated by B. bimaculatus. Overall, these findings suggest that developed
519 land surrounding agricultural fields in the corn belt/Appalachian/northeast region of the USA
520  supports diverse bumble bee assemblages. However, further research is needed to determine
521  what is driving this relationship, be it increased floral resource diversity, nesting sites, or reduced
522  exposure to pesticides that would typically be found in agriculturally intensified settings

523  (Goulson et al., 2015; RundlIof et al., 2015; Janousek et al. 2022).

524 In the southeast, sites were grouped by forest land, precipitation of wettest month, and
525  maximum temperature of warmest month. Sites with lower forest land, higher precipitation of
526  wettest month, and lower and higher values of maximum temperature of warmest month

527  effectively contained no bumble bees. This was likely due to the climatic extremes at these sites,
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528  with temperatures ranging from 32.29-34.17°C and precipitation ranging from 26.36-28.51 cm.
529  While this temperature range is well below critical thermal maximas for many species (Oyen et
530 al., 2016; Christman et al., 2022b), this is still a high temperature for cold-adapted bumble bees
531 tosustain if held constant over long periods of time. Further, the high levels of precipitation at
532  these sites likely prevents foraging in these fields and may even result in the flooding of nearby
533  colonies, resulting in a lack of bumble bees at these sites (Peat and Goulson, 2005; Sanderson et
534  al., 2015; Goulson et al. 2018). Interestingly, we found that sites with lower forest land and

535  lower precipitation of wettest month supported bumble bee assemblages comprised of B.

536  pensylvanicus, B. impatiens, B. bimaculatus, and B. auricomus. This finding may support the
537  concept that precipitation instead of temperature plays a larger role in determining whether

538  bumble bees will be present or absent at sites in Florida and South Carolina; however, further
539 research is needed. Additionally, bumble bees were more species rich at sites with higher forest
540 land in the surrounding area, which may be due to the increased availability of nesting sites

541  within these habitats (Betts et al., 2019; Pfeiffer et al., 2019). Overall, these findings suggest that
542  forest land increases bumble bee species richness and abundance, while extreme temperatures
543  and precipitation can reduce the prevalence of bumble bees, emphasizing the importance of

544  maintaining diverse forest habitats around agricultural fields on top of establishing climate

545  mitigation techniques to reduce the magnitude of bumble bee declines (Prestele et al., 2021)
546 In the northern plains region, sites were grouped by precipitation of driest month and
547  minimum temperature of coldest month. Bumble bee assemblages were richer in terms of

548  richness and abundance at sites with lower precipitation of driest month. However, it is important
549  to note that all sites had low precipitation of driest month (precipitation of driest month < 1.51),

550  suggesting bumble bees in Kansas are adapted to drier environments.
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551 In the mountain region, sites were grouped by precipitation of wettest month, contiguity,
552  bumble bee attractive crops, and developed land. Sites with higher precipitation of wettest

553  month, less contiguity, and the presence of bumble bee attractive crops supported species rich
554  communities dominated by B. fervidus. Meanwhile, sites with higher precipitation of wettest
555  month, more contiguity, and the presence of developed land supported less species rich

556  communities with more individuals overall. Throughout the study sites, contiguity was low

557  (0.11-0.21) meaning the sites were comprised of several different land cover types (Hesselbarth
558 etal., 2019). Contiguity with the combination of bumble bee attractive crops and developed land
559 s of particular interest as this suggests the habitats surrounding the surveyed agricultural fields
560  were dominated by bumble bee attractive crops and developed land, which again likely supports
561 bumble bee assemblages through an influx of more diverse floral resources. Overall, there was a
562  great deal of species overlap between groupings. As such, bumble bees in Utah agroecosystems
563 are likely supported by a range of climate, landscape composition, and landscape configuration
564  variables. However, it is important to remember that all these species were collected in

565  agricultural fields, which influences the composition of species collected within these surveys.
566  Regardless, maintaining diverse habitats around agricultural fields can increase the richness and
567  abundance of bumble bees.

568

569 4.4. Limitations

570
571  Although this study has some limitation inherent to its design (i.e., state-level differences in
572  sample size, collection dates and period, target pests, and agriculturally focused trapping sites),

573  analyzing trap bycatch reduces cost associated by allowing more efficient use of time and
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574  resources and utilizes data that would otherwise be discarded (Spears et al., 2021). Further, this
575  study’s substantial spatial coverage and high number of replicates within and across years

576  resulted in a large data set that enriches our knowledge of bumble bee assemblages across

577  geographic space and time (Kohler et al., 2020). Additionally, the low proportion of singletons in
578  this data set indicates a strong sampling regime (Williams et al., 2001; Kohler et al., 2020).

579  Finally, the inclusion of climatic and landscape composition and configuration variables into one
580  model introduces sources of uncertainty but yields more realistic results about their cumulative
581  effects on Bombus species assemblages (Conlisk et al., 2013; Louca et al., 2015).

582

583 4.5. Broad-Scale Management I mplications

584

585  This study further emphasizes the importance of conducting broad scale surveys. From this

586  study, we identified that B. pensylvanicus was one of the most abundant species collected. This is
587  of particular interest from a conservation perspective because its numbers have drastically

588  declined since 2000 (~89%) to the point that B. pensylvanicus is being evaluated to determine if
589 it warrants federal protection under the U.S. Fish and Wildlife Service Endangered Species Act
590 (USFWS, 2021). While the finding that B. pensylvanicus was one of our most abundant species
591  may be due to their populations increasing, it could also be a result of this species being more
592  attracted to pest monitoring traps. Further research is needed to determine which, if either, are
593 true since both have significant management implications. If the former is true, B. pensylvanicus
594  populations may be rebounding, so listing under the Endangered Species Act may not be

595  warranted. If the latter is true, having an influx of B. pensylvanicus captured passively as bycatch

596  could lead to declining populations. Regardless, this finding highlights the need for interagency
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597  cooperation and research collaborations to understand impacts of pest monitoring traps on

598 bumble bee species and to develop and implement recovery plans and protective regulations.
599 While research is underway to understand the broader impacts of pest monitoring traps
600 on bumble bees at a national scale (Spears and Ramirez, 2015; Spears et al., 2016, 2021,

601  Christman et al., 2022a), science policy is needed to make actionable change. With informed
602  science policy, innovative management practices and mandates can be employed that meet
603  multiple federal agency’s goals, while also preventing the least amount of harm to agriculture,
604  natural resources, and imperiled species. Further, given the diversity of insects captured within
605  pest monitoring traps, improving policies, and increasing interagency collaboration could protect
606  arange of insect and plant species, ecosystem services, and habitats.

607

608 4.6. Conclusions

609

610  Overall, results from this study contribute to a better understanding of climate and landscape
611  factors affecting bumble bees and their habitats throughout the USA. Climate and land use

612 combine to drive bumble bee occupancy and assemblages, but how those processes operate is
613 idiosyncratic and spatially contingent across regions. Detailed knowledge of species-specific
614  relationships with climate and landscape variables across a geographic range is invaluable to
615 improve targeted conservation and land management strategies to mitigate the effects of ongoing
616  environmental changes.

617

618 ACKNOWLEDGEMENTS

619

27


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

We thank Harold Ikerd for his assistance with data management; Soli Velez, Kami Lay, and
Anna Fabiszak for their assistance with processing insects; Todd Gilligan, Brian Christman,
Zachary Schumm, and the anonymous reviewers for invaluable comments that improved this
manuscript; and the following state cooperators for providing bycatch samples: Larry Bledsoe,
Bradley Danner, Eric Day, David Gianino, Mathew Howle, Janet Lensing, Laura Miller,
Laurinda Romonda, and Gaye Williams. This work was made possible, in part by Cooperative
Agreements AP18PPQFO000C100, AP19PPQFO000C269, AP19PPQS&T00C056,
AP20PPQFO000C074, AP20PPQS&TO00C065, and AP21PPQS&T00CO056 from the United
States Department of Agriculture’s Animal and Plant Health Inspection Service (APHIS) and
National Science Foundation Grant No. 1633756. Work may not necessarily express APHIS’

views.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTION

Conceptualization: MEC, EKB, LRS, WPD, and RAR. Data curation: MEC. Formal analysis:

MEC, EKB, and WPD. Funding acquisition: LRS and RAR. Investigation: MEC. Methodology:

MEC, EKB, LRS, WPD, and RAR. Project administration: LRS and RAR. Resources: LRS and

RAR. Supervision: EKB, LRS, WPD, JPS, and RAR. Writing — original draft: MEC. Writing —

review and editing: EKB, LRS, WPD, JPS, and RAR.

28


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

643

644 DATA AVAILABILITY STATEMENT

645

646  Data and code supporting the findings of this study are available on Zenodo at

647  https://doi.org/10.5281/zen0d0.6363812.

648

649 REFERENCES

650

651  Bennett, A. B., and Lovell, S. (2019). Landscape and local site variables differentially influence
652  pollinators and pollinations services in urban agricultural sites. PLoS One 14, 1-21.

653  https://doi.org/10.1371/journal.pone.0212034.

654

655  Betts, M. G., Hadley, A. S., and Kormann, U. (2019). The landscape ecology of pollination.
656  Landscape Ecology 34, 961-966. https://doi.org/10.1007/s10980-019-00845-4

657

658 Buchholz, S., Kreuels, M., Krongshage, A., Terlutter, H., and Finch, O-D. (2011). Bycatches of
659 ecological field studies: bothersome or valuable? Methods in Ecology and Evolution 2, 99-102.
660  https://doi.org/10.1111/j.2041-210X.2010.00051.x

661

662 (CAPS) Cooperative Agricultural Pest Survey. (2022). Approved Methods for CAPS Targets.
663  http://caps.ceris.purdue.edu/approved-methods-targets

664

29


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

665  Christman, M. E., Spears, L. R., Strange, J. P., Pearse, W. D., Burchfield, E. K., and Ramirez, R.
666  A. (2022a). Land cover and climate drive shifts in Bombus assemblage composition. Agriculture,
667  Ecosystems and Environment 339, 1-11.

668

669  Christman, M. E., Spears, L. R., Koch, J. B. U,, Lindsay T. T. T., Strange, J. P., Barnes, C. L.,
670 and Ramirez, R. A. (2022b). Captive rearing success and critical thermal maxima of Bombus
671  griseocollis (Hymenoptera: Apidae): a candidate for commercialization? Journal of Insect

672  Science 22, 1-8. https://doi.org/10.1093/jisesa/ieac064

673

674  Colla, S., Richardson, L., and Williams, P. (2011). Bumble bees of the Eastern United States.
675  Pollinator Partnership.

676

677  Conlisk, E., Syphard, A. D., Franklin, J., Flint, L., Flint, A., and Regan, H. (2013). Uncertainty
678  in assessing the impacts of global change with coupled dynamic species distribution and

679  population models. Global Change Biology 19, 858-869. https://doi.org/10.1111/gcb.12090
680

681  Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A,, Karl, T. R., and Mearns, L. O.
682  (2000). Climate extremes: observations, modeling, and impacts. Science 289, 2068-2074. doi:
683  10.1126/science.289.5487.2068

684

685  Escobedo-Kenefic, N., Landaverde-Gonzaélez, P., Theodorou, P., Cardona, E., Dardon, M. J.,

686  Martinez, O., and Dominguez, C. A. (2020). Disentangling the effects of local resources,

30


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

687  landscape heterogeneity and climatic seasonality on bee diversity and plant-pollinator networks
688 in tropical highlands. Oecologia 194, 333-344. https://doi.org/10.1007/s00442-020-04715-8
689

690 Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1km spatial resolution climate surfaces
691  for global land areas. International Journal of Climatology 37, 4302—-4315.

692  https://doi.org/10.1002/joc.5086

693

694  Fourcade, Y., Astrom, S., and Ockinger, E. (2019). Climate and land-cover change alter

695 bumblebee species richness and community composition in subalpine areas. Biodiversity and
696  Conservation 28, 639-653. https://doi.org/10.1007/s10531-018-1680-1

697

698 Ganuza, C., Redlich, S., Uhler, J., Tobisch, C., Rojas-Botero, S., Peters, M. K., Zhang, J.,

699 Benjamin, C. S., Englmeier, J., Ewald, J., Frick, U., Haensel, M., Kollmann, J., Riebl, R., Uphus,
700 L., Mdller, J., and Steffan-Dewenter, 1. (2022). Interactive effects of climate and land use on
701  pollinator diversity differ among taxa and scales. Science Advances 8, 1-15.

702

703  Goulson, D. (2010). Bumblebees: behavior, ecology, and conservation. Oxford University Press,
704  New York, USA.

705

706  Goulson, D., Nicholls, E., Botias, C., and Rotheray, E. L. (2015). Bee declines driven by

707  combined stress from parasites, pesticides, and lack of flowers. Science 347, 1-9.

708  doi:10.1126/science.1255957

709

31


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

710  Goulson, D., O’Connor, S., and Park, K. J. (2018). Causes of colony mortality in bumblebees.
711  Animal Conservation 21, 45-53. https://doi.org/10.1111/acv.12363

712

713 Grocock, N. L., Batallas, R. E., McNamara, E., Sturm, A. B., Manson, J. S., and Evenden, M. L.
714 (2020). Bumble bees (Hymenoptera: Apidae) respond to moth (Lepidoptera: Noctuidae)

715  pheromone components, leading to bee bycatch in monitoring traps targeting moth pests. Front.
716  Ecol. Evol. 8, 1-11. https://doi.org/10.3389/fev0.2020.576692

717

718  Grocock, N. L., and Evenden, M. L. (2020). Local and landscape-scale features influence

719  bumble bee (Hymenoptera: Apidae) bycatch in bertha armyworm Mamestra configurata

720  (Lepidoptera: Noctuidae) pheromone-baited monitoring traps. Environmental Entomology 49,
721 1127-1136. https://doi.org/10.1093/ee/nvaa087

722

723 Hall, D. M., Camilo, G. R., Tonietto, R. K., Ollerton, J., Ahrné, K., Arduser, M., Ascher, J. S.,
724 Baldock, K. C., Fowler, R., Frankie, G., and Goulson, D. (2017). The city as a refuge for insect
725  pollinators. Conservation Biology 31, 24-29. https://doi.org/10.1111/cobi.12840

726

727  Heinrich, B. (1976). Heat exchange in relation to blood flow between thorax and abdomen in
728  bumblebees. The Journal of Experimental Biology 64, 561-585.

729  https://doi.org/10.1242/jeb.64.3.561

730

32


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

731  Hesselbarth, M. N., Sciaini, M., With, K. A., Wiegand, K., and Nowosad, J. (2019).

732  landscapemetrics: an open-source R tool to calculate landscape metrics. Ecography 42, 1648-
733  1657. https://doi.org/10.1111/ecog.04617

734

735 Hijmans, R. J., Phillips, S., Leathwick, J., and Elith, J. (2020). dismo: species distribution

736  modeling. R package version 1.3-3. https://CRAN.R-project.org/package=dismo

737

738  Hines, H. M. (2008). Historical biogeography, divergence times, and diversification patterns of
739  bumblebees (Hymenoptera: Apidae: Bombus). Systematic Biology 57, 58-75.

740  https://doi.org/10.1080/10635 150801898912

741

742  Jackson, J. M., Pimsler, M. L., Oyen, K. J., Koch-Uhuad, J. B., Herndon, J. D., Strange, J. P.,
743  Dillon, M. E., and Lozier, J. D. (2018). Distance, elevation and environment as drivers of

744 diversity and divergence in bumble bees across latitude and altitude. Molecular Ecology 27,
745  2926-2942.

746

747  Jackson, J. M., Pimsler, M. L., Oyen, K. J., Strange, J. P., Dillon, M. E., and Lozier, J. D. (2020).
748  Local adaptation across a complex bioclimatic landscape in two montane bumble bee species.
749  Molecular Ecology 29, 920-939. DOI: 10.1111/mec.15376

750

751  Janousek, W. M., Douglas, M. R., Cannings, S., Clément, M. A., Delphia, C. M., Everett, J. G.,
752  Hatfield, R. G., Keinath, D. A., Koch, J. B. U., McCabe, L. M., Mola, J. M., Ogilvie, J. E.,

753 Rangwala, I., Richardson, L. L., Rohde, A. T., Strange, J. P., Tronstad, L. M., and Graves, T. A.

33


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

754  (2022). Recent and future declines of a historically widespread pollinator linked to climate, land
755  cover, and pesticides. PNAS 120, 1-9. https://doi.org/10.1073/pnas.2211223120

756

757  Kaiser-Bunbury, C. N., Mougal, J., Whittington, A. E., Valentin, T., Gabriel, R., Olesen, J. M.,
758  and Bluthgen, N. (2017). Ecosystem restoration strengthens pollination network resilience and
759  function. Nature 542, 223-227. https://doi.org/10.1038/nature21071

760

761  Kammerer, M., Gosleg, S. C., Douglas, M. R., Tooker, J. F., and Grozinger, C. M. (2020). Wild
762  bees as winners and losers: Relative impacts of landscape composition, quality, and climate.
763  Global Change Biology 27, 1250-1265. DOI: 10.1111/gch.15485

764

765  Kelemen, E. P., and Rehan, S. M. (2020). Opposing pressures of climate and land-use change on
766  anative bee. Global Change Biology 27: 1017-1026. DOI: 10.1111/gcb.15468

767

768  Kerr, J. T., Pindar, A., Galpern, P., Packer, L., Potts, S. G., Roberts, S. M., Rasmont, P.,

769  Schweiger, O., Colla, S. R., Richardson, L. L., Wagner, D. L., Gall, L. F., Sikes, D., and Pantoja,
770  A. (2015). Climate change impacts on bumblebees converge across continents. Science 349,
771 177-180. doi: 10.1126/science.aaa7031

772

773  Kingsolver, J. G., Diamond, S.E., and Buckley, L.B. (2013). Heat stress and the fitness

774 consequences of climate change for terrestrial ectotherms. Functional Ecology 27, 1415-1423.
775  https://doi.org/10.1111/1365-2435.12145

776

34


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

777  Klein, A-M., Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, 1., Cunningham, S. A., Kremen, C.,
778 and Tscharntke, T. (2007). Importance of pollinators in changing landscapes for world crops.
779  Proceedings of the Royal Society B 274, 303-313. https://doi.org/10.1098/rspb.2006.3721

780

781  Kaoch, J. B, Strange, J. P., and Williams, P. (2012). Bumble bees of the Western United States.
782  Pollinator Partnership.

783

784  Koch, J. B., Looney, C., Hopkins, B., Lichtenberg, E. M., Sheppard, W. S., and Strange, J. P.
785  (2019). Projected climate change will reduce habitat suitability for bumble bees in the Pacific
786  Northwest. BioRxiv, 1-30. https://doi.org/10.1101/610071

787

788  Kohler, M., Sturm, A., Sheffield, S. C., Carlyle, C., and Manson, J. S. (2020). Native bee

789  communities vary across three prairie ecoregions due to land use, climate, sampling method, and
790  bee life history traits. Insect Conservation and Diversity 13, 571-584.

791  https://doi.org/10.1111/icad.12427

792

793  Kremen, C., Williams, N. M., and Thorp, R. W. (2002). Crop pollination from native bees at risk
794  from agricultural intensification. Proceedings of the National Academy of Sciences of the United
795  States of America 99, 16812-16816. https://doi.org/10.1073/pnas.262413599

796

797  Lepais, O., Darvill, B., O’Connor, S., Osborne, J. L., Sanderson, R. A., Cussans, J., Goffe, L.,

798 and Goulson, D. (2010). Estimation of bumblebee queen dispersal distances using sibship

35


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

799  reconstruction method. Molecular Ecology 19, 819-831. https://doi.org/10.1111/].1365-

800  294X.2009.04500.x

801

802  Louca, M., Vogiatzakis, I. N., and Moustakas, A. (2015). Modelling the combined effects of land
803  use and climate changes: coupling bioclimatic modelling with Markov-chain cellular automata in
804  acase study in Cyrpus. Ecological Informatics 30, 241-249.

805  https://doi.org/10.1016/j.ecoinf.2015.05.008

806

807  Maebe, K., Hart, A. F., Marshall, L., Vandamme, P., Vereecken, N. J., Michez, D., and

808  Smagghe, G. (2021). Bumblebee resilience to climate change, through plastic and adaptive

809  responses. Global Change Biology 27, 4223-4237. doi: 10.1111/gcb.15751

810

811  Marshall, L., Biesmeijer, J. C., Rasmont, P., Vereecken, N. J., Dvorak, L., Fitzpatrick, U.,

812  Francis, F., Neumayer, J., @degaard, F., Paukkenen, J. P. T., Pawlikowski, T., Reemer, M.,

813  Roberts, S. P. M., Straka, J., Vray, S., and Dendoncker, N. (2018). The interplay of climate and
814  land use change affects the distribution of EU bumblebees. Global Change Biology 24, 101-116.
815  https://doi.org/10.1111/gcb.13867

816

817  Martinet, B., Lecocq, T., Smet, J., and Rasmont, P. (2015). A protocol to assess insect resistance
818  to heat waves, applied to bumblebees (Bombus Latreille, 1802). PLoS One 10, 1-9.

819  https://doi.org/10.1371/journal.pone.0118591

820

36


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

821 Martinet, B., Lecocq, T., Brasero, N., Biella, P., Urbanov4, K., Valterova, ., Cornalba, M.,
822  Gjershaug, J. O., Michez, D., and Rasmont, P. (2018). Following the cold: Geographical

823 differentiation between interglacial refugia and speciation in the arcto-alpine species complex
824  Bombus monticola (Hymenoptera: Apidae). Systematic Entomology 43, 200-217.

825  https://doi.org/10.1111/ syen.12268

826

827  Martinet, B., Dellicour, S., Ghisbain, G., Pryzbyla, K., Zambra, E., Lecocq, T., Boustani, M.,
828  Baghirov, R., Michez, D., and Rasmont, P. (2020). Global effects of extreme temperatures on
829  wild bumblebees. Conservation Biology 35, 1507-1518. https://doi.org/10.1111/cobi.13685
830

831 Martins, K. T., Gonzalez, A., and Lechowicz, M. J. (2017). Patterns of pollinator turnover and
832 increasing diversity associated with urban habitats. Urban Ecosyst. 20, 1359-1371.

833  https://doi.org/10.1007/s11252-017-0688-8.

834

835 Meehan, T. D., Werling, B. P., Landis, D. A., and Gratton, C. (2011). Agricultural landscape
836  simplification and insecticide use in the Midwestern United States. Proceedings of the National
837  Academy of Sciences of the United States of America 108, 11500-11505.

838  https://doi.org/10.1073/pnas.1100751108

839

840 Meehl, G. A., and Tebaldi, C. (2004). More intense, more frequent, and longer lasting heat
841  waves in the 21% century. Science 305, 994-997. doi: 10.1126/science.1098704

842

37


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

843  Miljanic, A. S., Loy, X., Gruenewald, D. L., Dobbs, E. K., Gottlieb, I. G. W., Fletcher, R. J. Jr.,
844  and Brosi, B. J. (2019). Bee communities in forestry production landscapes: interactive effects of
845 local-level management and landscape context. Landscape Ecology 34, 1015-1032.

846  https://doi.org/10.1007/s10980-018-0651-y

847

848  Naeem, M., Liu, M., Huang, J., Ding, G., Potapov, G., Jung, C., and An, J. (2019). Vulnerability
849  of East Asian bumblebee species to future climate and land cover change. Agriculture,

850  Ecosystems and Environment 277, 11-20. https://doi.org/10.1016/j.agee.2019.03.002

851

852  Nelson, K. S., and Burchfield, E. K. (2021). Landscape complexity and US crop production.
853  Nature Food 2, 330-338. https://doi.org/10.1038/s43016-021-00281-1

854

855  Ogilvie, J. E., and Thomson, J. D. (2016). Site fidelity by bees drives pollination facilitation in
856  sequentially blooming plant species. Ecology 97, 1442-1451.

857

858 Oyen, K. J., Giri, S., and Dillon, M. E. (2016). Altitudinal variation in bumble bee (Bombus)
859 critical thermal limits. Journal of Thermal Biology 59, 52— 57.

860  doi: 10.1016/j.jtherbio.2016.04.015

861

862  Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change. Annu Rev
863  Ecol Evol 37, 637-669. https://doi.org/10.1146/annurev.ecolsys.37.091305.110100

864

38


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

865  Parys, K. A, Elkins, B. H,, Little, N. S., Allen, K. C., Crow, W., Cook, D., Wright, K. W., Zhu,
866 Y.C., and Griswold, T. (2021). Landscape effects on native bees (Hymenoptera: Anthophila)
867  captured in pheromone traps for noctuid crop pests (Lepidoptera: Noctuidae). Environmental
868  Entomology 50, 1-8. https://doi.org/10.1093/ee/nvab040

869

870  Peat, J., and Goulson, D. (2005). Effects of experience and weather on foraging rate and pollen
871  versus nectar collection in the bumblebee, Bombusterrestris. Behavioral Ecology and

872  Sociobiology 58, 152-156.

873

874  Pfeiffer, V., Silbernagel, J., Guédot, C., and Zalapa, J. (2019). Woodland and floral richness
875  boost bumble bee density in cranberry resource pulse landscapes. Landscape Ecology 34, 979-
876  996. https://doi.org/10.1007/s10980-019-00810-1

877

878  Pimsler, M. L., Oyen, K. J., Herndon, J. D., Jackson, J. M., Strange, J. P., Dillon, M. E., and
879  Lozier, J. D. (2020). Biogeographic parallels in thermal tolerance and gene expression variation
880  under temperature stress in a widespread bumble bee. Scientific Reports 10, 1-11.

881  https://doi.org/10.1038/s41598-020-73391-8

882

883  Prestele, R., Brown, C., Polce, C., Maes, J., and Whitehorn, P. (2021). Large variability in

884  response to projected climate and land-sue changes among European bumble bee species. Global
885  Change Biology 27, 4530-4545. DOI: 10.1111/gcb.15780

886

39


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

887 R Core Team (2022). R: a language and environment for statistical computing. R Foundation for
888  Statistical Computing, Vienna, Austria. https://www.r-project.org/.

889

890 Rao, S., and Strange, J. (2012). Bumble bee foraging distance and colony density associated with
891  a late season mass flowering crop. Environmental Entomology 41, 905-915.

892  https://doi.org/10.1603/EN11316

893

894  RundloIf, M., Andersson, G. K. S., Bommarco, R., Fries, 1., Hederstro_'m, V., Herbertsson, L.,
895  Jonsson, O., Klatt, B. K., Pedersen, T. R., Yourstone, J., and Smith, H. G. (2015). Seed coating
896  with a neonicotinoid insecticide negatively affects wild bees. Nature 521, 77-80.

897  https://doi.org/10.1038/nature14420

898

899  Sanderson, R. A., Goffe, L. A., and Leifert, C. (2015). Time-series models to quantify short-term
900 effects of meteorological conditions on bumblebee forager activity in agricultural landscapes.
901  Agricultural and Forest Entomology 17, 270-276. https://doi.org/10.1111/afe.12102

902

903  Sipolski, S. J., Datson, S. W., Reding, M., Oliver, J. B., and Alm, S. R. (2019). Minimizing bee
904  (Hymenoptera: Apoidea) bycatch in Japanese beetle traps. Environ. Entomol. 48, 1203-1213.
905

906  Spears, L. R., and Ramirez, R. A. (2015). Learning to love leftovers: Using by-catch to expand
907  our knowledge in entomology. American Entomology 61, 168-173.

908  https://doi.org/10.1093/ae/tmv046

909

40


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

910  Spears, L. R., Looney, C., Ikerd, H., Koch, J. B., Griswold, T., Strange, J. P., and Ramirez, R. A.
911 (2016). Pheromone lure and trap color affects bycatch in agricultural landscapes of Utah.

912  Environmental Entomology 45, 1009-1016. https://doi.org/10.1093/ee/nvw085

913

914  Spears, L. R., Christman, M. E., Koch, J. B. U., Looney, C., and Ramirez, R. A. (2021). A

915 review of bee captures in pest monitoring traps and future directions for research and

916  collaboration. Journal of Integrated Pest Management 12, 1-12.

917  https://doi.org/10.1093/jipm/pmab041

918

919  Thornton, M. M., Shrestha, R., Wei, Y., Thornton, P. E., Kao, S., and Wilson, B. E. (2020).
920  Daymet: Monthly Climate Summaries on a 1-km grid for North America, Version 4. ORNL
921 DAAC, Oak Ridge, TN, USA. http://doi.org/10.3334/ORNLDAAC/1855

922

923  United States Department of Agriculture (USDA) (2017). Attractiveness of agricultural crops to
924  pollinating bees for the collection of nectar and/or pollen.

925  https://www.usda.gov/sites/default/files/documents/Attractiveness-of-Agriculture-Crops-to-
926  Pollinating-Bees-Report-FINAL-Web-Version-Jan-3-2018.pdf

927

928 USDA NASS CDL, 2018-2020. Utah Cropland Data Layer NASS/USDA. United States

929  Department of Agriculture. http://nassgeodata.gmu.edu/CropScape/UT.

930

41


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

931  United States Department of the Interior (2021). North American elevation 1-kilometer

932  resolution GRID. ScienceBase-Catalog Version 2.180.1.

933  https://www.sciencebase.gov/catalog/item/4fh5495ee4b04ch937751d6d

934

935  United States Fish and Wildlife Service. 2021. Environmental Conservation Online System:
936  American bumble bee (Bombus pensylvanicus). https://ecos.fws.gov/ecp/species/10903

937

938  Weber, D. C., and Ferro, D. N. (1991). Nontarget noctuids complicate integrated pest

939  management monitoring of sweet corn with pheromone traps in Massachusetts. J. Econ.

940 Entomol. 84, 1364-1369. https://doi.org/10.1093/jee/84.4.1364

941

942  Wenzel, A, Grass, |., Belavadi, V. V., and Tscharntke, T. (2020). How urbanization is driving
943  pollinator diversity and pollination — a systematic review. Biol. Conserv. 241, 1-15.

944  https://doi.org/10.1016/j.biocon.2019.108321.

945

946  Westhus, C., Kleineidam, C. J., Roces, F., and Weidenmuller, A. (2013). Behavioural plasticity
947 in the fanning response of bumblebee workers: Impact of experience and rate of temperature
948 change. Anim. Behav. 85, 27-34. https://doi.org/10.1016/j.anbehav.2012.10.003

949

950  Westphal, C., Steffan-Dewenter, I., and Tscharntke, T. (2003). Mass flowering crops enhance
951 pollinator densities at a landscape scale. Ecology Letters 6, 961-965.

952  https://doi.org/10.1046/].1461-0248.2003.00523.x

953

42


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

954  Whitfield, E. C., Lobos, E., Cork, A., and Hall, D. R. (2019). Comparison of different trap

955  designs for capture of noctuid moths (Lepidoptera: Noctuidae) with pheromone and floral odor
956 attractants. J. Econ. Entomol. 112, 2199-2206. https://doi.org/10.1093/jee/toz093

957

958  Whitehorn, P. R., Seo, B., Comont, R. F., Rounsevell, M., Brown, C. (2021). The effects of

959  climate and land use on British bumblebees: Findings from a decade of citizen-science

960  observations. Journal of Applied Ecology 59, 1837-1851. DOI: 10.1111/1365-2664.14191

961

962  Williams, N. M., Minckley, R. L., and Silveira, F. A. (2001). Variation in native bee faunas and
963 its implications for detecting community changes. Conservation Ecology 5, 1-22.

964  https://www.jstor.org/stable/26271796

965

966  Williams, N. M., Regetz, J., and Kremen, C. (2012). Landscape-scale resources promote colony
967  growth but not reproductive performance of bumble bees. Ecology 93, 1049-1058.

968  https://doi.org/10.1890/11-1006.1

969

970  Williams, P., Thorp, R., Richardson, L., and Colla, S. (2014). Bumble bees of North America: an
971 identification guide. Princeton University Press, New Jersey.

972

973  Williams, P. H., Bystriakova, N., Huang, J., Miao, Z., & An, J. (2015). Bumblebees, climate and
974  glaciers across the Tibetan plateau (Apidae: Bombus Latreille). Systematics and Biodiversity 13,
975  164-181. https://doi.org/10.1080/14772000.2014.982228

976

43


https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

977  Williams, P. H., Lobo, J. M., and Meseguer, A. S. (2018). Bumblebees take the high road:

978  Climatically integrative biogeography shows that escape from Tibet, not Tibetan uplift, is

979  associated with divergences of present-day Mendacibombus. Ecography 41, 461-477. https://doi.
980 org/10.1111/ecog.03074

981

982  Willmer, P., and Stone, G. (1998). Temperature and water relations in desert bees. Journal of
983  Thermal Biology 22, 453-465. https://doi.org/10.1016/S0306-4565(97)00064-8

984

985 FIGURE LEGENDS
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987  Figure 1. Bubble map showing the distribution and abundance of the five most abundant

988 Bombusspecies: (A) B. fervidus, (B) B. bimaculatus, (C) B. impatiens, (D) B. pensylvanicus, and
989 (E) B. huntii throughout nine states in the USA from 2018 to 2020. Different colors correspond
990 to different levels of species abundance.

991

992  Figure 2. Bubble map visualizing bumble bee Shannon diversity throughout nine states in the
993  USA from 2018 to 2020. Different colors correspond to different levels of Shannon diversity.
994

995  Figure 3. Generalized additive model plots showing the partial effects of A) maximum

996 temperature of warmest month, B) minimum temperature of coldest month, C) precipitation of
997  wettest month, D) elevation, E) bumble bee attractive crops, and F) contiguity on bumble bee
998  species richness. Gray areas represent confidence intervals + 2 standard errors.
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1000 Figure4. Canonical correspondence analyses of the Bombus assemblage data in relation to
1001  environmental variables (indicated by arrows) from 2018 to 2020.

1002

1003  Figure5. Multivariate regression tree for the corn belt/Appalachian geographic region, which
1004  resulted in branching at developed land, minimum temperature of coldest month, and maximum
1005 temperature of warmest month. The five leaves (indicated with letters under each branch)

1006  represent bumble bee species assemblages (richness and abundance) and the environmental
1007  variable values associated with the study sites.

1008

1009  Figure 6. Multivariate regression tree for the southeast geographic region, which resulted in
1010 branching at forests, precipitation of wettest month, and maximum temperature of warmest
1011  month. The four leaves (indicated with letters under each branch) represent bumble bee species
1012  assemblages (richness and abundance) and the environmental variable values associated with the
1013  study sites.

1014

1015 Figure7. Multivariate regression tree for the northern plains geographic region, which resulted
1016 in branching at precipitation of driest month and minimum temperature of coldest month. The
1017  four leaves (indicated with letters under each branch) represent bumble bee species assemblages
1018 (richness and abundance) and the environmental variable values associated with the study sites.
1019

1020  Figure 8. Multivariate regression tree for the mountain geographic region, which resulted in
1021  branching at precipitation of wettest month, contiguity, bumble bee attractive crops, and

1022  developed land. The five leaves (indicated with letters under each branch) represent bumble bee
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1023  species assemblages (richness and abundance) and the environmental variable values associated
1024  with the study sites.
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BUMBLE BEE RESPONSESTO CLIMATE AND LANDSCAPES: INVESTIGATING

HABITAT ASSOCIATIONS AND SPECIESASSEMBLAGES ACROSS GEOGRAPHIC

REGIONSIN THE UNITED STATESOF AMERICA

TABLESAND FIGURES

Table 1. The number of sites, target pests, and collection period by state and year. Target pests

included Christmas berry webworm (CBW), cotton cutworm (CC), Egyptian cottonworm (EC),

golden twin spot moth (GTS), Old World bollworm (OWB), and silver Y moth (SYM).

State yfugj tkg Target Pest(s) Collection Period
2018

Kansas 86 CC,EC July-October
Utah 30 CC, EC, OwB April-September
West Virginia 9 CC, EC, GTS, OWB, SYM June-September
2019

Florida 16 OowB April-September
Indiana 6 CC, EC, GTS, OWB, SYM May-August
Kentucky 41 CC, EC, GTS, OWB, SYM May-October
Maryland 26 CC, OWB, SYM June-July

South Carolina 16 CC, EC, OWB June-October
Utah 30 CC, EC, OwB June-August
Virginia 13 OowB July-September
West Virginia 32 CBW, CC, EC, GTS, OWB, SYM May-October
2020

Indiana 6 CC, EC, GTS, OWB, SYM April-August
Kentucky 63 CC, EC, GTS, OWB, SYM M ay-September
Utah 30 CC, EC, OWB May-August
Virginia 12 OowB August-September
West Virginia 17 CBW, CC, EC, OWB, SYM May-September



https://doi.org/10.1101/2023.10.16.562230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.16.562230; this version posted October 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table 2. Bumble bee assemblage composition (species richness and abundance) in Florida,

Indiana, Kansas, Kentucky, Maryland, South Carolina, Utah, Virginia, and West Virginiafrom

2018 to 2020.
Species Abundance by State

FL IN KS KY MD SC uT VA WV
Bombus appositus 0 0 0 0 0 9 0 0
B. auricomus 0 16 2 88 0 8 0 2 70
B. bimaculatus 0 171 13 67 148 15 0 5 776
B. californicus 0 0 0 0 0 0 1 0 0
B. centralis 0 0 0 0 0 0 38 0 0
B. fervidus 0 121 O 6 31 0 964 3 99
B. fraternus 3 0 1 0 0 1 0 0 0
B. griseocallis 0 8 29 33 4 1 73 5 76
B. huntii 0 0 0 0 0 0 323 0 0
B. impatiens 5 243 7 235 12 114 0 41 345
B. insularis 0 0 0 0 0 0 36 0 0
B. morrisoni 0 0 0 0 0 0 7 0 0
B. nevadensis 0 0 0 0 0 0 17 0 0
B. pensylvanicus 9 104 155 272 8 52 1 40 11
B. perplexus 0 0 0 0 0 0 0 0 24
B. rufocinctus 0 1 0 0 0 0 107 0 0
B. vagans 0 34 0 2 0 0 0 0 87
B. vancouverensis 0 0 0 0 0 0 15 0 0
Total 17 698 207 703 203 191 1591 96 1488
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Table 3. Community composition indices of bumble bees collected in Florida, Indiana, Kansas,

Kentucky, Maryland, South Carolina, Utah, Virginia, and West Virginia from 2018 to 2020.

: , Collection
Tom, momes  DAMS S e
by Week

2018

Kansas 207 6 0.47 0.85 14.21
Utah 746 11 0.49 1.18 47.47
West Virginia 237 8 0.69 1.43 19.07
2019

Florida 17 3 0.91 1.00 1.37
Indiana 310 7 0.79 154 25.53
Kentucky 535 7 0.71 1.37 32.01
Maryland 40 5 0.92 1.47 11.20
South Carolina 191 6 0.59 1.05 12.38
Utah 217 9 0.45 0.98 22.34
Virginia 103 6 0.65 1.17 14.71
West Virginia 932 8 0.71 1.47 48.33
2020

Indiana 388 8 0.78 1.62 23.82
Kentucky 168 6 0.78 1.40 7.30
Utah 594 11 0.56 1.34 51.98
Virginia 10 3 0.58 0.64 2.00
West Virg_]i nia 309 8 0.57 1.18 18.18
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Table 4. Logistic regression moddl results for the best set of selected bioclimatic and landscape

variables that accounted for bumble bee presences and absences based on stepwise model

selection by AIC.
Predictor Variable Odds 95% CI Z-Score p-value
Ratio

Maximum Temperature of Warmest Month  0.852 (0.736, 0.979) -2.210  0.027
Precipitation of Wettest Month 0.958 (0.907,1.012) -1.531 0.126
Elevation 1.001 (1.000,1.001) 1.958  0.050
Bumble Bee Attractive Crops 1.019 (1.002,1.037) 2201  0.028
Bumble Bee Unattractive Crops 0.987 (0.975,0.998) -2.252 0.024
Contiguity 1.053 (0.993,1.119) 1.680 0.093

Interspersion and Juxtaposition 1.032 (0.999,1.068) 1.858  0.063
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Table 5. Generalized additive mixed model results describing bumble bee speciesrichnessin
relation to the non-linear bioclimatic and landscape variables, while accounting for spatial and
temporal autocorrelation. Model results include the effective degrees of freedom, F-values, and

p-values for each of the p-spline smoothed (non-linear) effects.

Smoothed Predictor Variable EDF F-value p-value
Maximum Temperature of Warmest Month  5.178 8.994 0.001
Minimum Temperature of Coldest Month 2.891 3.873 0.037

Contiguity 2.599 4.277 0.011
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Table 6. Generalized additive mixed model results describing bumble bee speciesrichnessin
relation to the linear bioclimatic and landscape variables, while accounting for spatial and

temporal autocorrelation. Model results include the coefficient estimate, standard error, and p-

value.

Linear Predictor Variable Coefficient Estimate  Std. Error  p-value
Precipitation of Wettest Month -0.107 0.043 0.014
Precipitation of Driest Month 0.273 0.175 0.119
Elevation 0.001 0.000 0.049
Bumble Bee Attractive Crops 0.017 0.008 0.034
Bumble Bee Unattractive Crops -0.012 0.007 0.080
Forest 0.002 0.007 0.796
Developed Land -0.008 0.009 0.375

Interspersion and Juxtaposition 0.004 0.013 0.748
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Table 7. Significance of each explanatory variable from 2018 to 2020 based on a permutation

test for the canonical correspondence analysis mode.

Variable df F p-value
Maximum Temperature of Warmest Month 1 48.165 0.001
Minimum Temperature of Coldest Month 1 46.157 0.001
Precipitation of Wettest Month 1 33.512 0.001
Elevation 1 12.997 0.001
Bumble Bee Attractive Crops 1 4.379 0.001
Bumble Bee Unattractive Crops 1 2.224 0.034
Forest 1 7.666 0.001
Developed Land 1 4.314 0.002
Contiguity 1 1.817 0.065
Interspersion and Juxtaposition 1 5.789 0.001
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