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A B S T R A C T

Pollinators such as bumble bees are in decline as a result of many factors, including loss of habitat. Initiatives to
improve and restore pollinator habitat are increasingly popular. However, to most effectively conserve polli-
nators, we need a better understanding of which habitats limit their survival and fitness at the landscape scale.
Our study examined performance and fitness of the common eastern bumble bee, Bombus impatiens (Cresson), in
four common landscapes for bees (natural, suburban, conventional agriculture, and organic agriculture). In the
summers of 2016 and 2017, 64 bumble bee colonies per year were deployed across 16 sites (4 sites in each
landscape type in each year) and their growth (weight and bee abundance), fitness (caste production), and
survival were monitored weekly. Colonies in suburban sites in 2016, but not 2017, were lighter, produced fewer
worker and drone cells, and experienced queen death more quickly than colonies in natural and agricultural
landscapes. The performance and fitness of colonies in natural, organic agricultural, and conventional agri-
cultural landscapes in both years were similar. Additionally, across all landscape types, the proportion of de-
veloped land and impervious surface were significantly negatively associated with colony performance in 2016.
Thus, our results suggested that suburban landscapes are suboptimal for B. impatiens compared to natural and
agricultural landscapes, and that this effect differs across years, potentially due to climactic differences. Future
research is needed to identify the mechanisms responsible for reduced performance of bumble bee colonies in
suburban landscapes, especially regarding floral resources and pesticide and pathogen stress. Such information
could direct specific actions to improve suburban habitat for pollinators.

1. Introduction

Wild pollinators in Europe, North America and elsewhere have been
experiencing population declines and range contractions (Biesmeijer
et al., 2006; Potts et al., 2010; Cameron et al., 2011). This is concerning
from both a conservation and food security standpoint, given that
pollinators contribute to the reproduction of approximately 60–70% of
wild and cultivated plant species (Klein et al., 2007; Garibaldi et al.,
2011; Burkle et al., 2013; Vanbergen et al., 2013). Recent research has
identified factors associated with declines in wild bee populations, in-
cluding exposure to pesticides, parasites, and lack of floral resources
(Kosior et al., 2007; Williams and Osborne, 2009; Cameron et al., 2011;
Bartomeus et al., 2013; Goulson et al., 2015; McArt et al., 2017a).
Habitat degradation and loss from urbanization and agricultural in-
tensification are often cited as major drivers of declines (Williams and
Kremen, 2007; Winfree et al., 2011; Williams et al., 2012); yet,

comparative studies assessing how bees perform across multiple land-
scape types show a high variability in their responses. Further studies in
different geographic locations are critical to inform effective con-
servation efforts.

The urban landscape is rapidly expanding. Fifty-four percent of the
world population lives in urban areas, and it is projected to increase by
12% by the year 2030 (Seto et al., 2012). For pollinators, urban ex-
pansion results in habitat loss or fragmentation, which in turn can re-
duce the availability of forage and nesting substrates (McIntyre and
Hostetler, 2001; Johnson and Klemens, 2005). Diversity and abundance
of solitary bee species tends to decrease with increasing urbanization in
both cities and suburbs (Hernandez et al., 2009; Bates et al., 2011;
Fortel et al., 2014). However, not all urban landscapes are alike, and
some taxa may respond differently to urbanization. For example,
Bombus terrestris performs better in urban landscapes compared with
agricultural landscapes in the United Kingdom (Samuelson et al., 2018).
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Similarly, related bumble bee species visiting suburban garden beds in
the United Kingdom had longer lifespans (Goulson et al., 2010) and
colonies grew faster and larger than in agricultural landscapes (Goulson
et al., 2002). In North America, bumble bees are in greater abundance
in urban parks containing natural land compared with surrounding
natural habitats (McFrederick and LeBuhn, 2006). Conversely, Glaum
et al. (2017) found that diversity and abundance of common north-
eastern U.S. bumble bee species decreased with increased urbanization.
Furthermore, Vaidya et al. (2018) found equivocal evidence that ur-
banization impacted B. impatiens performance. Additional comparative
studies of bee performance in urban and other landscapes are clearly
needed to understand how and when urbanization impacts pollinators.

Agricultural intensification generally has a negative impact on
pollinator diversity and abundance via reduced and/or monotonous
forage and reduction of nesting (Scheper et al., 2013; Connelly et al.,
2015). Conversely, pollinator diversity and abundance can increase in
fields where more of the surrounding landscape is composed of natural
habitat (Holzschuh et al., 2012; Joshi et al., 2016; Kammerer et al.,
2016). Farm practices in agricultural landscapes can have mixed effects
on pollinators. For example, conventional and organic agricultural
practices can expose pollinators to an array of pesticides that may
elevate their susceptibility to pathogen infection (Baron et al., 2014;
David et al., 2016; Botías et al., 2017), which was recently shown to be
associated with range contractions in bumble bees in the U.S. (McArt
et al., 2017b). Yet, in many cases, organic farms will have a more
heterogenous landscape context, allowing for more diverse diets
(Rundlöf et al., 2008; Tuck et al., 2014; Schellhorn et al., 2015). Crone
and Williams (2016) showed that in relation to floral resources, bumble
bee queen production was greatest in natural habitats, intermediate on
organic farms, and lowest in conventional farms. However, a colony’s
success in a natural habitat is more dependent on local floral abundance
than natural landscape alone (Spiesman et al., 2017). In some instances,
mass-flowering crops such as oilseed rape and red clover can be bene-
ficial to pollinator populations and fitness (Westphal et al., 2009;
Rundlöf et al., 2014; but see Rundlöf et al., 2015). Thus, like urbani-
zation, further research is needed to elucidate how conventional and
organic farm practices in agricultural landscapes impact bee popula-
tions.

Here, we examined the effects of multiple commonly encountered
landscapes on colony performance, survival, and fitness of the common
eastern bumble bee, Bombus impatiens (Cresson). Experimental B. im-
patiens colonies were placed in natural, suburban, conventional agri-
culture, and organic agriculture landscapes in two successive years
(2016 and 2017) to address the following questions about B. impatiens
colony success: 1) How do landscapes and farm practices influence
colony growth, survival, and fitness? and 2) Which specific types of
land cover (i.e., agricultural land, natural land, developed land and
impervious surface) are predictive of colony performance? We hy-
pothesized that 1) survival and fitness of B. impatiens would be greatest
in natural habitats compared with agricultural and suburban landscapes
and 2) B. impatiens colony performance would be most negatively im-
pacted by developed land and impervious surface.

2. Methods

2.1. Study system

Bombus impatiens is a widely encountered bumble bee species across
its native range of eastern North America, where it is active from April
to October (Williams et al., 2014). B. impatiens nests underground, often
using old rodent cavities for their hives (Michener, 2000). After an
overwintering queen establishes a new colony, she will produce only
workers during the first phase of development, then she will switch to
producing a mix of workers and reproductive individuals (queens and
drones) towards the end of the colony’s single-season lifespan (Cnaani
et al., 2002). Unlike many bumble bee species, the status of B. impatiens

is stable, and it is not a species of conservation concern (IUCN Red List,
Hatfield et al., 2014). However, because B. impatiens exists naturally in
multiple habitats, it can be used as a model organism to determine how
the surrounding environment may influence similar species.

In late June 2016 and 2017, we obtained commercially-reared B.
impatiens colonies from BioBest Canada Ltd. (Leamington, ON, Canada).
Upon arrival, colonies were weighed (nearest 0.1 g) and assessed for
numbers of workers, worker cells, and drone cells. Colonies were then
sorted according to weight and grouped evenly in sets of four. We re-
placed the supplied colony covers with 203 x 254mm clear poly-
carbonate sheets (Lexan; SABIC Innovative Plastics US; Houston, TX)
that had drilled ventilation holes (2 mm diameter) and a covered access
hole (50mm diameter) in the center. We then placed colonies in cor-
rugated plastic boxes (BioBest Canada Ltd.), with each box containing
two colonies, and with entrances differentially painted (black, blue,
pink or yellow) and facing different directions to reduce drift of bees
among colonies (Birmingham et al., 2011; Zanette et al., 2014). Prior to
deployment in the field, the sugar bladders were removed to ensure that
bees would leave the colony and forage.

2.2. Field sites and colony placement

Colonies were randomly assigned to one of the following landscape
types: natural, suburban, conventional agriculture, and organic agri-
culture. Each landscape type was replicated in regions in proximity to
Rochester, Syracuse, Ithaca, and Geneva, NY, USA for a total of four
replications and a total of 16 sites. Each site received two weather-proof
corrugated plastic boxes, each containing two B. impatiens colonies, for
a total of 64 colonies per year. To reduce drift between colonies, each
box was separated by a minimum of 5m and paired colonies within a
box were positioned on opposite sides. Colonies placed in conventional
agriculture and organic agriculture landscapes were positioned in the
margins of cucurbit crop fields (e.g., squash and pumpkin) and de-
ployed coinciding with bloom. All colonies were deployed over a four-
day span (July 01-04, 2016 and July 03-06, 2017), with each region
(consisting of one each of the four landscape types) being deployed on
the same day between the hours of 09:00-18:00. In 2017, one natural
landscape replicate in the Rochester region was lost due to flooding
during the first week of assessments, and one natural landscape re-
plicate in the Geneva region was moved to a more appropriate location
(Table S1).

Land cover composition around all sites was assessed using a geo-
graphic information system (ArcGIS version 10.5.1; ESRI, 2018) with
data from the United States Department of Agriculture Cropland Data
Layer (CDL; USDA National Agriculture Statistics Service, 2016)) and
the National Land Cover Database (Xian et al., 2011). We determined
the degree of agricultural, natural, developed, and impervious surface
land cover at an 800m buffer for each site (Fig. 1). This radius was
chosen because it has been identified as the mean foraging radius for
bumble bees (McArt et al., 2017b) and previous studies from the same
region have shown 750m to be the most important scale for predicting
landscape impacts on wild bees (Park et al., 2015; Grab et al., 2018).
We chose cucurbits as the consistent crop across all agricultural land-
scapes because B. impatiens regularly visits this crop and because
farmers occasionally purchase B. impatiens colonies for supplemental
pollination services (B. Nault, pers. comm.). Both organic and con-
ventional agricultural habitats were selected to have a similar field size
(range 0.83–3.0 ha) and crop production type (i.e., small to medium
mixed vegetable farms). However, organic farms were on average
smaller (mean 9.2 ha, range 3–16 ha) than conventional farms (mean
22.0 ha, 5–30 ha). Conventional farms often grew cucurbit crops, corn,
and soybeans while organic farms were more diverse, growing cucurbit
crops, leafy greens, solanaceous crops, carrots, and onions. The CDL
classes for all agricultural crops were summed to determine percent
agricultural land cover. The area of natural landscape was calculated by
summing the area of all CDL classes that included landcovers relating to
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grass/pasture, shrubland, wetlands, and forest. The area of suburban
landscape was calculated by summing the area of CDL classes that were
categorized as developed, including low, medium, and high intensity.
Finally, the percent of impervious surfaces in suburban sites was cal-
culated using the National Land Cover Database Percent Developed
Imperviousness layer (Xian et al., 2011).

2.3. Colony performance

Colony growth and reproductive success metrics were assessed
weekly during the study period by recording colony weight, adult bee
abundance (workers and drones combined), brood cell abundance, and
gyne (virgin queen, not foundress queen) abundance during the day-
light hours (09:00-18:30) to comply with home/landowner restrictions.
To obtain colony weight, we subtracted the weight of an average plastic
box housing (the same as what was used in the experiment) from the
weight of the colony plus plastic box that we measured in the field. To
assess relative colony growth, we restricted our analysis of colony
weight change to the period of time when the colonies were actively
growing. After this period, growth rates were negative. This period of
growth occurred from assessment week one to four in 2016. Colonies

decreased in weight across all assessment periods in 2017; therefore, in
order to standardize our comparisons between years, we analyzed the
same period of time as in 2016 (weeks one to four). All other colony
performance variables included all assessment weeks in the analysis.

Brood cell abundance included counts for worker cells, drone cells,
and gyne cells, all of which can be differentiated by shape, size, and
surface texture (Figure S1). Prior to placing the colonies in the field,
foundress queens were marked on the thorax so we could differentiate
them from emerging gynes; these gynes were removed from the co-
lonies after each weekly count to avoid double-counting. To account for
the challenge of accurately counting cells and adult bees, as the brood
form a 3-dimensional formation in the colony, we removed each colony
from its weather-proof box, observed the colony from all angles, se-
parately counted brood cells in the four quadrants of a colony, and
repeated counts a minimum of three times per visit. Although we se-
parated paired colonies by at least 5 m, there was still a possibility that
drifting between colonies occurred, as has been observed in other stu-
dies on B. impatiens and other Bombus spp. (Birmingham and Winston,
2004; Lefebvre and Pierre, 2007). Therefore, we averaged colony per-
formance data across all four colonies at each site.

We also recorded the date when the foundress queen died as a

Fig. 1. Location and land cover types in central New York State, USA, where colonies of B. impatiens were placed in conventional agricultural, organic agricultural,
natural, and suburban landscapes.
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measure of colony survival. Once the queen died, the colony was re-
moved from the site, frozen at -20 °C and then dissected for final as-
sessment. Old brood cells and honey pots are often recycled/destroyed
by workers or consumed by various pests that eventually invade the
colonies (i.e., Coleoptera: Nitidulidae, Staphylinidae, Sylphidae;
Blattodea: Ectobiidae; Diptera: Calliphoridae, Drosophilidae, Muscidae,
Phoridae; Lepidoptera: Pyralidae). We observed some of these pest ef-
fects during the course of our assessments, but impacts were relatively
consistent across colonies and sites. However, by the time dead colonies
were brought back to the lab and inspected, damage had accumulated
to levels that precluded use of these data in the final performance
analyses.

2.4. Statistical analysis

All statistical analyses were conducted using R (R Core Team,
2017), using the lmer4, glmmTMB, survival, coxme, emmeans, ggplot2,
ggpuber and survminer packages (Brooks et al., 2017; Therneau and
Lumley, 2017; Lenth et al., 2018; Therneau, 2018). Models were se-
lected using the lowest AIC scores from likelihood ratio tests (Johnson
and Omland, 2004). To analyze mean colony weight change, mean bee
abundance, mean worker cell abundance, and mean drone cell abun-
dance throughout the duration of the study for both 2016 and 2017,
linear mixed effects models were used with “landscape”, “year”, and
“assessment period” as fixed effects and “region” and “site” as random
effects. To analyze mean gyne cell abundance and mean gyne adult
abundance, we used truncated negative binomial hurdle models with
mixed effects because of the large quantity of zeros in the data. Mean
gyne cell abundance and mean gyne adult abundance were each
modeled as a binary process for presence/absence and the fitting of a
truncated negative binomial model with mean counts equal to or
greater than zero at each site. Hurdle models included “landscape” and
“year” as fixed effects and “region” and “site” as random effects (“as-
sessment period” was removed as a fixed effect due to insufficient re-
plication). Queen death was analyzed using Kaplan-Meir survival
curves and mixed effects Cox proportional hazard models with “land-
scape” and “year” as fixed effects and “region” and “site” as random
effects. Post-hoc tests for linear mixed effects and survival analyses
models were conducted using the emmeans package (Lenth et al., 2018)
adjusted to Tukey’s HSD to determine differences between landscape
types, year and assessment periods. We analyzed predictors of perfor-
mance, including percent agricultural land, natural land, developed
land, and impervious surface in an 800m buffer, using linear regres-
sions with Pearson correlation coefficients.

3. Results

3.1. Colony performance

Colony weight – We found no overall significant effect of landscape
type on colony weight in a full model using data from both 2016 and
2017 (Table 1: A). However, there were significant effects of year, as-
sessment period, the interaction of landscape and year, and the inter-
action of year and assessment period on colony weight (Table 1: A). In
2016, colony weight in suburban landscapes was 45 and 46% lighter
than those in organic agriculture and natural landscapes, respectively
(Post-hoc: p= 0.05). This was driven primarily by the fact that colonies
in suburban landscapes were 52% lighter than those in natural land-
scapes in assessment period three, 61% lighter than both organic and
natural landscapes in assessment period four, and 61–65% lighter than
all three landscape types in assessment period five (Fig. 2: A). In 2017,
the mean mass of colonies in suburban landscapes was 16–21% less
than in the other three landscape types, but this difference was not
statistically significant (Fig. 2: B). There was no difference in colony
weight between either type of agricultural and natural landscape in
2016 or 2017 (p > 0.9 for all).

Adult bee and worker cell abundance – There was a significant
effect of year, assessment period and the interaction between landscape
type and year on adult bee abundance, which included workers and
drones (Table 1: B). Similarly, worker cell abundance was significantly
impacted by landscape type, year, period, and the interaction between
year and period (Table 1: C). In 2016, suburban landscapes had 34%
fewer bees in their colonies than organic agriculture landscapes (Post-
hoc: p= 0.04; Fig. 3: A). Suburban colonies also produced over 50%
fewer worker cells than those in the other landscape types in 2016
(Post-hoc: p < 0.05 for all; Fig. 3: B). These results were largely driven
by differences in assessment periods four and five, when colonies ob-
tained peak weight (Fig. 2) and worker numbers. We found no differ-
ences in bee abundance or worker cell abundance between each type of
agricultural and natural landscapes in 2016 and 2017 (p > 0.1 for all).

3.2. Colony fitness and queen death

Drone cell abundance – We found a significant effect of landscape
type, year, period, the interaction of landscape type and year, and the
interaction of year and assessment period (Table 1: D) on drone cell
abundance. In 2016, suburban landscapes colonies had 53–55% fewer
drone cells than those in the other three landscape types (Post-hoc:
p < 0.05 Fig. 3: C). Additionally, suburban landscape colonies had

Table 1
ANOVA tables from linear mixed effects models of (A) colony weight, (B) bee
abundance, (C) worker cell abundance, and (D) drone cell abundance for B.
impatiens colonies placed in conventional agricultural, organic agricultural,
natural and suburban landscapes in 2016 and 2017. Asterisks indicate sig-
nificant effects (p < 0.05).

A. Colony weight
DF F-value p

Landscape 3,9 2.2 0.15
Year 1,121.1 27.4 < 0.0001*
Period 5,120.1 3.8 < 0.05*
Landscape x Year 3,121.1 5.4 < 0.05*
Landscape x Period 15,121.1 1.7 < 0.05*
Year x Period 5,121.1 9.1 < 0.0001*
Landscape x Year x Period 15,120.1 1.4 0.17

B. Bee abundance
DF F-value p

Landscape 3,9.2 2.3 0.15
Year 1,121.5 136.3 < 0.0001*
Period 5,120.1 12.6 < 0.0001*
Landscape x Year 3,121.4 3.1 < 0.05*
Landscape x Period 15,120.1 1.0 0.47
Year x Period 5,120.1 0.9 0.45
Landscape x Year x Period 15,120.1 0.5 0.90

C. Worker cell abundance
DF F-value p

Landscape 3,9.1 5.6 <0.05*
Year 1,122.5 31.8 < 0.0001*
Period 5,120.1 4.5 <0.001*
Landscape x Year 3,122.4 2.4 0.08
Landscape x Period 15,120.0 1.5 0.12
Year x Period 5,120.04 8.2 < 0.0001*
Landscape x Year x Period 15,120.0 1.2 0.3

D. Drone cell abundance
DF F-value p

Landscape 3,9.2 3.6 <0.05*
Year 1,122.5 36.0 < 0.0001*
Period 5,120.3 9.6 < 0.0001*
Landscape x Year 3,122.3 3.1 <0.05
Landscape x Period 15,120.2 0.9 0.54
Year x Period 5,120.3 2.8 <0.05
Landscape x Year x Period 15,120.2 0.4 0.98
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65% fewer drone cells than organic (p= 0.03) and natural (p= 0.02)
landscapes in assessment period three and 82–84% fewer drone cells
than all three landscapes types (conventional: p < 0.01; organic:
p= 0.05; natural: p < 0.02) in assessment period five for that year.
There were no significant differences in drone cell abundance between
natural landscapes and either type of agricultural landscape in 2016
(p > 0.1 for all) and no significant differences between all landscape
types in 2017 (p > 0.1 for all).

Adult gyne and gyne cell abundance. B. impatiens colonies in con-
ventional agriculture and natural landscapes produced significantly
more gyne cells and adult gynes than in organic agriculture and sub-
urban landscapes in 2016 (Table 2; Figure S2 and S3). Although co-
lonies did not produce many gyne cells and adult gynes overall in 2017,
a similar pattern was observed. Significant effects of natural and con-
ventional agriculture landscape types across both years were driven by
the abundance of gyne cells and gyne adults in the colonies as defined
by the zero-inflated model, rather than the presence/absence of gynes,
as defined by the conditional model (Table 2).

Queen death. In both years, suburban landscape colonies were
likely to experience foundress queen death at a rate approximately two
and a half times greater than the colonies in the other landscape types
(Hazard Ratio= 2.46, p= 0.001). In 2016, queens in all suburban
landscape colonies died six days earlier than the overall average life-
span (Fig. 4: A). A post-hoc test showed that survival time of queens in
suburban landscapes was significantly less than those in organic agri-
culture landscapes and natural landscapes (p=0.001 and p < 0.001,
respectively; Fig. 4: A). In 2017, a post-hoc test showed that queen
survival in suburban landscapes was significantly less than in conven-
tional and organic agricultural landscapes (p=0.01 for both; Fig. 4: B).

3.3. Predictors of colony performance and fitness

To explore why colonies in some landscapes may have performed
worse than others, we tested for quantitative relationships between
specific land cover characteristics (calculated at an 800m radius) and
performance and fitness measures. Our landscape designations were
appropriate, as agricultural sites were dominated by agricultural land
cover, natural landscapes were dominated by natural land cover, and
suburban sites were dominated by developed land cover (Figure S4:A-
C). Furthermore, impervious surface cover was highest in suburban
landscapes (Figure S4: D). In 2016, there was a significant negative
relationship between relative colony growth and both developed land
and impervious surface (R= -0.71, p=0.01 and R= -0.65, p=0.005,
respectively; Fig. 5: 2016). These results were similar for adult bee
abundance, which was negatively correlated with developed land and
impervious surface in 2016 (R = -0.54, p=0.03; and R = -0.53,
p=0.036, respectively; Figure S5: A). Worker cell abundance was
negatively correlated with developed land and impervious surface in
both 2016 (R = -0.62 p=0.01 and R = -0.6, p= 0.015, respectively;
Figure S5: B) and 2017 (R = -0.56, p= 0.03 and R = -0.61, p=0.016,
respectively; Figure S5: B). Drone cell abundance was negatively cor-
related with developed land and impervious surface in 2016 (R = -0.67
p=0.004 and R = -0.63, p=0.008, respectively; Figure S6: A) and
impervious surface in 2017 (R = -0.54, p= 0.036; Figure S6: A). We
found no significant differences between relative colony growth, adult
bee abundance, worker cell abundance, drone cell abundance, or gyne
cell abundance and percent agricultural or natural land cover in either
2016 and 2017 (Figure S5-S7), aside from a strong positive correlation
between percent agricultural land cover and gyne cell abundance in
2016 (R = 0.66, p= 0.005; Figure S7: B). Drone cell abundance and
colony growth showed a marginally significant positive relationship
with natural land cover in 2016 (R= 0.48, p=0.06, Figure S7A and

Fig. 2. Mean colony weight (g. +/- SE) in (A) 2016 and (B) 2017
of B. impatiens colonies placed in conventional agricultural, or-
ganic agricultural, natural and suburban landscapes. Asterisks in-
dicate significant differences between landscapes based on Tukey’s
post-hoc tests of lmer models (p < 0.05). Assessment weeks 0–9
in 2016 correspond to Julian dates 180–252 (June 28-August 8)
and assessment weeks 0–8 in 2017 correspond to Julian dates
178–256 (June 27-August 12).

N.J. Milano, et al. Agriculture, Ecosystems and Environment 284 (2019) 106594

5



R=0.44, p= 0.085, Figure S5, respectively).

4. Discussion

Through a two-year study comparing how multiple landscapes and
land management practices (i.e., conventional and organic farming)
impact B. impatiens colony performance and fitness, we showed that B.
impatiens was negatively affected by suburban development. We also
showed that this effect was temporally variable, where although the
patterns held in 2017, the only significant differences in colony per-
formance were observed in 2016. Here, colonies in suburban land-
scapes experienced lower weight gain, had fewer adult bees present in
colonies, and produced fewer worker cells, drone cells, and gyne cells
than all other landscape types. Additionally, foundress queens in sub-
urban landscapes had significantly shorter lifespans than those in or-
ganic agricultural landscapes and natural landscapes in 2016. Our re-
sults thus highlight the importance of considering suburban areas to
address bumble bee conservation. Contrary to our expectations, we saw
few differences in colony weight or fitness between agricultural (in-
cluding both conventional and organic) and natural landscapes in both

years of the study. It is plausible that the influence of the agricultural
landscapes in our study was more beneficial than would be expected for
naturally occurring bumble bee colonies given that colonies were
placed next to a mass-flowering crop (squash/pumpkin) and that nat-
ural areas, which primarily consist of forest in the study region, provide
the largest quantity of floral resources in the early part of the year
before colonies were deployed (A. Iverson, unpublished data).

Recent publications have demonstrated varying impacts of urban
landscapes on bumble bee performance and diversity. For example, in
contrast to our results, Samuelson et al. (2018) found that colonies of
Bombus terrestris placed in suburban (city and village) areas in the
United Kingdom had greater peak sizes, bee abundance, and production
of sexual individuals than agricultural landscapes. These results are
consistent with other studies highlighting the positive impacts of sub-
urban gardens on bumble bee performance in the United Kingdom
(Goulson et al., 2002, 2010) and abundance and diversity in North
America (McFrederick and LeBuhn, 2006). However, other studies have
found null or negative impacts of urbanization on bumble bee perfor-
mance and diversity. Vaidya et al. (2018) found no differences in the
performance of Bombus impatiens colonies placed along an urbanization

Fig. 3. (A) Mean bee abundance, (B) worker cell abundance, and (C) drone cell abundance of B. impatiens colonies placed in conventional agricultural, organic
agricultural, natural and suburban landscapes in 2016 and 2017. Letters above error bars indicate significant differences between landscapes based on Tukey’s post-
hoc tests of lmer models (p < 0.05).
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gradient in Michigan, USA. In addition, Glaum et al. (2017) found ne-
gative impacts of urbanization on bumble bee abundance and diversity.
Taken together, the evidence suggests that there are region-specific and
perhaps species-specific responses of bumble bees to urbanization.
Understanding the mechanisms driving performance and fitness across
landscapes will likely provide insight into why different responses
occur.

Both percent developed land and impervious surface were nega-
tively correlated with relative colony growth, bee abundance, and caste
production in our study in 2016, primarily driven by the suburban sites
(Fig. 5; Figures S6-S7). Greater amounts of impervious surface could
impact bumble bees in multiple ways, including abundance of floral
resources and increases in temperature (i.e., the urban “heat island”
effect). While flowering ornamental plants were present in our sub-
urban sites, the relative quantity of these resources compared with
those in natural forage was difficult to assess, and the quality (e.g.,
nectar and pollen availability) of ornamental plants may also be poor.
For example, Campbell et al. (2017) showed that 46% of homeowners
choose pollinator-friendly plants primarily on attractiveness rather than
their benefits for pollinators (but see Garbuzov and Ratnieks 2014).
Furthermore, if local floral resources are lacking, bumble bees may fly
to surrounding natural habitats to forage (Spiesman et al., 2017). Be-
cause our suburban sites had an average of only 6% natural land
composition within an 800m radius (Figure S4: B), foragers may have
had to travel further than other landscape types to collect nectar and
pollen, which could be detrimental to colony success (Osborne et al.,
2008). Though results were not significant, relative colony growth, bee
abundance, and worker, drone and queen cell abundance were posi-
tively associated with percent natural land area (Figures S5-S7), sup-
porting the notion that natural areas may provide some important ha-
bitat for bumble bees.

In terms of increased temperatures impacting bee health, Hamblin

et al. (2018) demonstrated that bee abundance decreased by 41% with
each increase in degree Celsius in urban areas, despite floral abun-
dance. While we did not directly measure temperature at each of our
sites, increases in impervious surface in our suburban sites could have
created elevated temperatures compared to the other landscape types.
The large size and hair density of bumble bees makes them susceptible
to overheating (Oyen et al., 2016) and in some cases, workers may
switch from foraging to fanning, resulting in reduced resource intake
and increased stress (Vogt, 1986). In 2016, much of northeastern U.S.,
including New York experienced one of the warmest and driest sum-
mers in 60 years (Sweet et al., 2017), which contrasted with the wetter
summer in 2017. In addition to directly impacting bumble bees via heat
stress, the drought could have had indirect effects by reducing nectar
flow and pollen production of nearby plants (Scaven and Rafferty,
2013). This impact may have been especially pronounced in suburban
areas, as water stress in agricultural and natural landscapes may have
been mitigated via irrigation systems for crops and small bodies of
water (i.e., streams and creeks), respectively. However, any impacts
that we observed on B. impatiens due to increased temperatures in
suburban landscapes may be exaggerated compared to natural colonies,
as bumble bees nest underground where the temperature would have
been moderated compared to our above-ground experimental place-
ment. Although 2017 was a non-drought year when we may have ex-
pected better overall colony performance, the colonies we received that
year were already more advanced in their physiological state than the
colonies we received in 2016. The state of the colonies likely explains
why we only observed a decrease in colony growth in all landscapes in
2017.

Another major stressor on bee health is pesticide exposure, which
has been widely documented in agricultural landscapes (Mullin et al.,
2010; Pettis et al., 2013; McArt et al., 2017a) and can impair foraging
behavior (Gill and Raine, 2014), reduce colony growth, and reproduc-
tion in bumble bees (Gill et al., 2012; Rundlöf et al., 2015). Pesticide
exposure in urban landscapes is less understood, but there is evidence of
low pesticide exposure to bumble bees in suburban landscapes (David
et al., 2016; Botías et al., 2017). Yet, colonies in conventional agri-
cultural sites did not have decreased performance compared to organic
agricultural sites and natural landscapes, suggesting that either pesti-
cide exposure did not vary considerably between landscapes or that
exposure was below thresholds that would have impacted colony per-
formance. Although we intentionally selected relatively large organic
farms (mean size 9.2 ha), it was not possible to locate large agricultural
landscapes that were entirely organic. Therefore, given the ˜800m
foraging radius of B. impatiens, it is possible that the bees placed on
organic farms foraged on neighboring conventional farms, thereby di-
luting any differences in pesticide exposure that may have occurred.
Furthermore, organic farms may have also used organic pesticides that
negatively affected bee performance.

Our results of poorer colony performance in suburban sites may also
reflect pathogen exposure, which can reduce overall colony perfor-
mance, increase mortality, and reduce reproduction (Imhoof and
Schmid-Hempel, 1999; Yourth et al., 2008; Graystock et al., 2016).
Although we do not have pathogen data, there is evidence of higher
pathogen loads in urban environments in both bumble bees (Theodorou
et al., 2016) and honey bees (Youngsteadt et al., 2015). This pattern
may occur because floral resources in urban environments are often
found in concentrated patches where bees congregate and share re-
sources, increasing the chances of pathogen transmission (Durrer and
Schmid-Hempel, 1994; Goulson et al., 2012). In contrast, large amounts
of floral resources like those found in suburban gardens in the United
Kingdom (Goulson et al., 2002, 2010) or in natural landscapes can
mitigate pathogen infection through nutrition (Tritschler et al., 2017)
and/or plant secondary compounds (Biller et al., 2015; Richardson
et al., 2015). Therefore, the negative physiological impacts of patho-
gens could potentially have been minimized in agricultural and natural
landscapes in this study due to greater floral abundance or diversity

Table 2
Summary table of truncated negative binomial hurdle model with mixed effects
of (A) gyne cell abundance and (B) adult gyne abundance for B. impatiens co-
lonies placed in conventional agricultural, organic agricultural, natural, and
suburban landscapes in 2016 and 2017, with suburban landscape as the re-
ference. Asterisks indicate significant effects (p < 0.05).

A. Gyne cell abundance

Conditional model

Landscape z-value p
Intercept −0.4 0.6
Conventional 0.7 0.4
Organic −0.08 0.9
Natural 1.09 0.2
Zero-inflation model
Landscape z-value p
Intercept 0.5 0.6
Conventional −2.2 0.02*
Organic 0.2 0.7
Natural −2.3 0.01*

B. Adult gyne abundance

Conditional model

Landscape z-value p
Intercept −0.4 0.9
Conventional 0.7 0.9
Organic −0.08 1
Natural 1.09 0.9
Zero-inflation model
Landscape z-value p
Intercept 0.5 0.004*
Conventional −2.2 0.02*
Organic 0.2 0.3
Natural −2.3 0.02*
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(Alaux et al., 2010).

5. Conclusion

Multiple stressors, which are known to vary among different land-
scape contexts, can strongly impact pollinator health and abundance,
especially when they are co-occurring (Winfree et al., 2011; Goulson
et al., 2015). We demonstrated that suburban landscapes were sub-
optimal for B. impatiens colonies, while few differences in performance
or fitness existed among other landscape types and farm practices. Such
results warrant further exploration to determine the specific mechan-
isms influencing bumble bee colony dynamics. For example, if floral
resources are found to be limiting in suburban areas, targeted efforts to
provide additional habitat via urban gardens, wildflower plantings, or
adjusted mowing schedules could be effective. More broadly, we sug-
gest that further research on how different landscapes and farm prac-
tices shape pollinator survival and fitness is critically important for
determining where to best focus conservation efforts.
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