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Insecticide use and insufficient forage are two of the leading stressors to pol-
linators in agroecosystems. While these factors have been well studied
individually, the experimental designs do not reflect real-world conditions
where insecticide exposure and lack of forage occur simultaneously and
could interactively suppress pollinator health. Using outdoor enclosures,
we tested the effects of insecticides (imidacloprid +lambda-cyhalothrin)
and non-crop forage (clover) in a factorial design, measuring the survival,
behaviour and performance of bumblebees (Bombus impatiens), as well as
pollination of the focal crop, watermelon. Colony survival was synergisti-
cally reduced to 17% in watermelon alone +insecticides (survival was
100% in all other treatments). However, behavioural shifts in foraging
were mainly owing to insecticides (e.g. 95% reduced visitation rate to water-
melon flowers), while impacts on hive performance were primarily driven
by clover presence (e.g. 374% increase in the number of live eggs). Insecti-
cide-mediated reductions in foraging decreased crop pollination (fruit set)
by 32%. Altogether, these data indicate that both insecticides and non-crop
forage play integral roles in shaping pollinator health in agricultural land-
scapes, but the relative importance and interaction of these two factors
depend on which aspect of ‘health’ is being considered.

1. Introduction

Uncovering the factors causing declines in pollinator health is complicated by
the fact that environmental stressors probably act in concert rather than indivi-
dually. Thus, efforts should be made to experimentally test the leading stressors
both alone and in combination to tease apart the main and interactive effects.
For bees, most experts agree that two of the primary causes underlying popu-
lation declines or reductions in performance are insecticide exposure and lack of
forage [1]. Insecticidal toxicity is largely driven by the widespread integration
of neonicotinoid seed treatments, which has dramatically elevated the toxic
load for bees across agricultural landscapes, despite lower overall amounts of
product applied [2,3]. The lack of forage is a result of multiple factors surround-
ing the general phenomenon of agricultural intensification, e.g. conversion of
once-diverse prairies into monocultures of one or a few flowering crops;
increased herbicide inputs, such as glyphosate and dicamba, owing to the
adoption of herbicide-tolerant transgenic crops. Collectively, this process has
sterilized landscapes by removing non-crop flowering plants, often with nega-
tive outcomes for bees inhabiting these regions [4-7].

The two mechanisms, however, are not independent. Insecticide-mediated
toxicity is likely to interact with changes to the flowering plant community
in agroecosystems for several reasons. First, non-crop pollen is expected to
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dilute the higher insecticide load derived from a monofloral
crop pollen diet, thereby acting as a toxicity buffer. This
assumes that crop pollen contains more toxic insecticides than
non-crop pollen, which is not always the case [8,9]. Second, a
lack of non-crop flowers can funnel pollinators into crop
fields in search of food, increasing spatial overlap with areas
targeted for insecticide application. Last, a lack of non-crop
flowers reduces pollen quantity and diversity, both of which
can make bees more stressed and physiologically vulnerable
to insecticide toxicity [10-12].

Regardless of mechanism, the general prediction is that
reduced access to non-crop flowers will exacerbate the detri-
mental effect of insecticides on pollinators. A corollary of
this prediction is that managing herbicide regimes, land use
and/or wildflower habitat can attenuate the negative
impact of insecticides. The presence of natural habitat in the
landscape is known to buffer the negative effects of insecti-
cide use [13,14]. However, few studies have experimentally
manipulated supplemental forage and insecticide use in
tandem (but see [15,16]), and these mostly employ controlled
laboratory experiments that do not resemble a natural fora-
ging arena [17,18]. Virtually, all of the existing work in this
area also employs artificial feeders that titrate insecticides
or nutritional resources via sugar water rather than simulat-
ing actual exposure routes and concentrations that a bee
encounters while foraging in the field [19].

Furthermore, the interactive effects of non-crop flowers
and insecticides, at present, are only studied from the
perspective of pollinator health; we know far less about con-
sequences for crop pollination, even though the two, in
theory, should go hand in hand (i.e. healthier pollinators
are expected to be more effective pollinators). Insecticide
studies in general tend to only measure pollinator perform-
ance, with few simultaneously quantifying crop pollination
in realistic, outdoor environments [20]. Similarly, the impacts
of supplemental forage for crop pollination are complicated.
Increased availability of non-crop flowers is assumed to
benefit pollinator nutrition and thus performance, but this
benefit may not extend to crop pollination [21,22]. A wide-
spread concern among growers is that heterospecific pollen
will result in stigma clogging, whereby bees deposit wild
plant pollen onto crop flowers, reducing yield. Another
worry is that supplemental forage is a distraction that will
‘pull’ bees away from the focal crop, reducing visitation
rates during periods of peak bloom when they are most
needed. The likelihood for these outcomes depends on factors
such as phenological synchrony between non-crop and crop
plants [23], and the degree to which pollinators overlap in
foraging across adjacent habitats, which is high for polylectic
managed bees but could be low for oligolectic wild taxa [24].

Here, we use large, semi-field enclosures to evaluate
the singular and combined impacts of insecticides and clover
presence as a supplemental forage on: (i) the survival, per-
formance and foraging behaviours of managed bumblebees
(Bombus impatiens); and (ii) pollination of the focal crop, water-
melon (Citrullus lanatus) (electronic supplementary material,
figure S1). Bumblebees, while less popular than honeybees,
are commonly used as a secondary pollinator on commercial
watermelon farms [25]. This species is also highly sensitive to
insecticides applied to crops with much of the recent emphasis
on systemic neonicotinoids [26-30] and responds favourably to
flowering resource availability [31]. We tested the hypothesis
that insecticide use has a comparatively stronger detrimental

effect on bees and, correspondingly, crop pollination in the
absence of non-crop forage.

Experiments were conducted at the Meigs Horticultural Farm,
part of the Throckmorton Purdue Agricultural Center (TPAC),
located in Lafayette, IN, USA. Six high tunnels were used as
field cages to control the foraging radius of experimental bum-
blebee hives. Each tunnel measured 14.6 x 7.9 x 3.7 m; length,
width, height (LWH) and was covered in a single layer of plastic
allowing 80% light transmission (12-mil ClearSpan™ PolyMax®).
Openings were covered with insect exclusion screening (Anti-
Insect Netting, 25 Mesh, Greenhouse Megastore, Danville, IL,
USA) to keep bumblebees inside the tunnel. In addition, each
tunnel was divided in half, lengthwise, using exclusion screens
to separate the tunnel into two arenas. There were a total of 12
arenas used in this experiment, each measuring 7.3 x7.9 x 3.7 m
LWH.

The focal crop used in this system was watermelon, which is
highly reliant on managed bees for pollination, requiring at least
12 bumblebee visits per flower for optimal yield [25,32,33]. We
used a diploid pollenizer variety, AcePlus, to optimize flower
availability within the limited foraging space. See the electronic
supplementary material, Methods for additional detail on crop
and experiment management.

The experiment employed a 2 x 2 factorial design with two levels
of insecticide use (+) and two levels of non-crop forage (+),
resulting in the following four treatments: (i) untreated waterme-
lon [insecticide (—)/non-crop forage (—)]; (i) insecticide-treated
watermelon [insecticide (+)/non-crop forage (-)]; (iii) untreated
watermelon with clover [insecticide (-)/non-crop forage (+)];
and (iv) insecticide-treated watermelon with clover [insecticide
(+)/non-crop forage (+)]. Each of these treatments was assigned
to one of the 12 caged arenas. The experiment was organized in a
split-plot design where insecticide was the main plot factor
applied to the whole tunnel and forage was the subplot factor
nested within the main plot using bisected tunnels on either
side of the exclusion netting (i.e. one half was seeded with
forage; the other was not). For a visual depiction, see the elec-
tronic supplementary material, figure S2. A pair of adjacent
tunnels (east-west orientation) consisted of a single block, repli-
cated three times along a north-south gradient. The experiment
was conducted twice (once in May-July 2018 and again in
July-September 2018), resulting in a total of six replicates of
each treatment combination.

In arenas assigned to non-crop forage, we directly seeded
(15 kg ha™'; 1-2 cm depth) in October 2017 and April 2018 with a
clover mix consisting of 44% yellow blossom sweet clover (Melilotus
officinalis), 33% red clover (Trifolium pratense) and 23% Ladino white
clover (Trifolium repens) (3-Way Clover Mix; King's AgriSeeds,
Ronks, PA, USA). This seed mix is marketed as a pollinator-
friendly blend and clovers, in general, are among the most
nutritionally important forages for bumblebees [34,35].

In the insecticide (+) treatment, a systemic neonicotinoid was
applied as a root drench to the soil at transplant. To do so, waterme-
lon seedlings received imidacloprid (Admire Pro®) at a rate of
730.5 ml ha™" by watering each seedling with 500 ml of the insecti-
cide solution. This concentration was based on the recommended
label rate for Admire Pro used by growers of 511.6-768.9 ml ha™.
In addition, the pyrethroid lambda-cyhalothrin (Warrior II with
Zeon Technology® at 140.2 ml ha™") was applied to the watermelon
plants using an electrostatic sprayer four weeks post-transplant.



This combination of neonicotinoid at planting, followed by a sub-
sequent foliar pyrethroid spray, is a commonly used insecticide
regime targeting striped cucumber beetles (Acalymma vittatum)
and other insect pests by watermelon growers in the midwestern
USA [36].

(c) Bumblebee performance and crop pollination
When watermelon vines began flowering (ca two weeks after trans-
plant), each arena received one bumblebee hive (B. impatiens;
Koppert Biological Systems, Howell, MI, USA). Excel research
hives were used, which contain a minimum of 70 workers, one
queen and an observation lid. Although nectar sacks were installed
in the hives, we did not remove the lid and thus bees were unable to
access this resource. Similarly, pollen patties were not added to
hives. As a result, observed changes in hive survival and perform-
ance are a direct reflection of the experimentally imposed
treatments and not buffered by supplemental nutrients. We also
assumed this would encourage bees to forage on flowers provided
in the arenas. Nest covering material was excluded so we could
observe hives throughout the experiment.

Hives were placed on 25 May and 15 August where they
remained for six weeks. Within arenas, hives were positioned
in a corner, elevated from the soil on a plastic crate and shaded
beneath an umbrella. The entire hive box (nest-box + nectar +
outer cardboard box) was weighed immediately prior to place-
ment in arenas and again at the end of the six-week foraging
period to estimate weight gain (final —initial weight) as a
measure of performance. Hives were also checked daily to
track survival over time. They were considered dead when no
active bees were observed tending the colony or out foraging
on flowers for two consecutive surveys. In the first trial, one
hive in the insecticide (-)/non-crop forage (-) treatment was
knocked over owing to high wind and died soon after placement
(29 May). This replicate was excluded from statistical analyses of
all bumblebee and crop variables, resulting in five replicates
rather than six.

Forager surveys were conducted twice per week for the six-
week duration of bumblebee placement. During surveys, obser-
vers walked each row in a transect fashion, recording the
number of total foragers active and identity of the flower that
each was visiting (i.e. watermelon versus clover). At the end of
observations, the hive lid was opened and the number of bees
working inside the hive was counted. The queen, if visible,
was recorded as dead or alive and the presence of honeypots
or pollen stores was also noted.

Pollination efficiency was evaluated by flagging 15 female
watermelon flowers in each arena (11 June in trial 1; 27 August
in trial 2) and following those flowers for one week to verify if
pollination had occurred. This was determined by measuring
the presence and size of the developing fruit (electronic sup-
plementary material, figure S3). Flagged fruits were then
tracked through maturity and eventually weighed to calculate
individual melon weights; however, fruit yield data were only
measured in trial 2.

We monitored within-hive behaviour during each trial on 5
July and 12 September. GoPro cameras (Hero 5) were placed in
each arena on a tripod focused directly over the observation
lid, draped with a white cloth for shade. Videos were analysed
for hive activity using ETHOVISION software. See the electronic
supplementary material, Methods for protocol details.

At the conclusion of each experiment or upon colony death,
nest-boxes were placed in a freezer. In the laboratory, we dis-
sected each hive, recording the number and weight of workers
and queens. Weights were calculated by combining all bees
from each group (worker or queen), measuring total weight
and dividing by the number of individuals, resulting in a
single average value per hive. We also recorded: the number of
open worker cells and open queen cells (distinguished by size;

see the electronic supplementary material, figure 54); number of n

worker cells filled with nectar; number of live egg cells and
number of dead larval cells. These variables are commonly
used to estimate bumblebee hive health in response to insecticides
and other stressors [30,37]. Eggs were considered dead when they
were desiccated and/or black upon visual inspection. Viable eggs
are milky in colour, oval-shaped and free of secondary pathogens.

(d) Pesticide residue sampling and quantification

Soil, clover and watermelon flowers, and bee nest material were
collected to measure the residual amount of insecticides present
in each arena. Sampling and analytical details are provided in the
electronic supplementary material, Methods.

(e) Data analysis

Survival analysis was performed using the duration of colony
survival in days since placement in the foraging arenas. All
hives that survived the entire six-week trial period were right-
censored. The Kaplan—Meier estimates were used to create survi-
val curves and a log-rank test was performed to compare among
the four treatments.

For bee foraging data, we only included observations when
hives survived across all experimental arenas (i.e. we censored
data from dates after hive death began). To avoid pseudoreplica-
tion and provide a single value per arena, we summed foraging
observations collected over multiple dates. The effects of the two
focal treatments on bee foraging behaviour were analysed using
negative binomial regression because count data were overdis-
persed. For watermelon observations, we tested the main and
interactive effects of insecticide and non-crop forage; however,
for clover, we only included the effect of insecticide in the non-
crop forage (+) treatment because there was no clover to observe
in the (-) treatment. For both flower types, we also included trial
(1 versus 2) and spatial block (high tunnels 1-2, 34, 5-6) as pre-
dictor variables.

For hive activity and colony performance, main and interactive
effects of insecticide and non-crop forage were tested for each
response. Continuous data were analysed using a normal distri-
bution for final hive weight, while a log(x +1) transformation
was used for queen and worker weights to improve normality. Dis-
crete count data (worker no., worker larvae, worker pupae, worker
honeypots, dead larval cells, live eggs) were analysed with a nega-
tive binomial or zero-inflated negative binomial model. As with
foraging data, we included trial (1 versus 2) and spatial block
(high tunnels 1-2, 34, 5-6) as predictor variables. We also included
initial colony weight as a covariate.

To assess fruit set, we performed an arcsine square root trans-
formation on the proportion of flagged flowers that developed
into a fruit per experimental arena. Insecticide, non-crop
forage, trial and block were used as predictor variables using a
general linear model. The mean fruit weight (kg) per melon
per tunnel was analysed with a regression model using a lognor-
mal distribution; we did not include trial as a factor as fruit
weights were only measured in trial 2.

All statistical analyses were conducted using JMP Pro 15
(SAS Institute Inc., Cary, NC, USA).

3. Results

(a) Bumblebee survival

In both treatments containing clover (insecticide +), bumble-
bee hive survival was 100% over the full six-week experiment
period, regardless of pesticide application. In the absence of
clover, however, survival depended on whether the crop
was treated with insecticides; namely, in the insecticide (—)
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Figure 1. Survival curves with 95% confidence interval showing the persist-
ence of bumblebee hives in the presence/absence of insecticides and
alternative non-crop forage in the four treatment combinations. Hives
remained in arenas for six weeks and colony survival was assessed daily.
Lines at 1.0 were jittered for visibility. Ins., insecticide; NCF, non-crop
forage (clover). (Online version in colour.)
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Figure 2. Visitation rate of bumblebees to flowers from observational trans-
ect walks, induding watermelon (a) and clover (b) flowers. Box plots show
the median, quartiles, range and individual data points across the four
treatments. NCF, non-crop forage (clover). ***p < 0.001. (Online version
in colour.)

treatment all hives survived, while in the insecticide (+) treat-
ment, survival was reduced to 17% (figure 1; log-rank test,
25=19.8, p=0.0002).

Insecticides reduced bee visitation to watermelon flowers by
95% compared with untreated control arenas (insecticide (—)
versus (+), mean = 28.0 and 1.3 observations arena™’, respect-
ively), but clover presence did not affect watermelon
visitation rate (figure 2a and table 1a). Similarly, insecticides
caused a 68% reduction in foraging on clover (insecticide
(=) versus (+), mean=>52.5 and 16.8 observations arena™’,

respectively), despite only being applied to the crop

(figure 2b). Importantly, we found no difference in bee fora-
ging rates (p=0.9040) comparing early observation periods
before pyrethroids were applied as a foliar spray in the insec-
ticide (+) treatments (i.e. isolating only the effect of the
systemic neonicotinoid at-planting) with later dates after the
watermelon was sprayed.

EtHOVISION analysis of video recordings from within-hive
activity also revealed a strong negative influence of insecti-
cides with no corresponding impact of clover (figure 3 and
table 1b). Bees from insecticide-exposed hives exhibited a
57% reduction in activity (insecticide (—) versus (+), mean =
1.9 and 0.8% activity within observation area, respectively).

Unlike foraging behaviour, colony performance showed the
opposite pattern with stronger overall effects of clover than
insecticides (table 1c). Insecticide use increased the number
of worker honeypots (insecticide (—) versus (+), mean =0.09
and 19.3 hive™', respectively), while decreasing the number
of live eggs (insecticide (—) versus (+), mean=22.18 and
10.5, respectively). Clover presence increased worker weight
(clover (-) versus (+), mean=0.92 and 3.23 g, respectively)
and number of live eggs (clover (—) versus (+), mean =5.45
and 25.83, respectively), but decreased the number of
worker pupae (clover (-) versus (+), mean=55.91 and
20.17, respectively) and dead larval cells (clover (—) versus
(+), mean=47.64 and 22.25, respectively) (means for all
treatments reported in the electronic supplementary material,
table S2). Two variables—queen weight and worker larvae—
were affected by the interaction between insecticide use and
clover presence. Hive weight and worker count were the
only variables unaffected by either factor. Data on number
of reproductives (queens and males) were excluded as they
were always either zero or one per hive. No new queens
were produced by the colonies in this experiment (i.e. in
cases where one was found, it was probably the old mother
queen originating with the hive).

The mean fruit set (proportion of female flowers producing
fruit) was 0.31 across all treatments combined (11 =360 flow-
ers); this rate is normal for watermelon, which ranges from
0.2 to 0.4, even under optimal conditions [38]. Insecticides
reduced fruit set by 32% (insecticide (-) versus (+), mean =
0.37 and 0.25, respectively) with no corresponding effect
owing to clover presence (figure 4 and table 1d). By contrast,
individual fruit weights (kg) were unaffected by insecticide
use but were reduced by 21% owing to clover presence
(clover (=) versus (+), mean+s.e.=1.51+0.09 and 1.20 +
0.04, respectively). Because fruit set was not significantly
different, and trended towards being slightly lower, in the
presence of clover, changes in this variable could not compen-
sate for the decline in individual fruit weight to affect total
fruit weight per arena.

The neonicotinoid imidacloprid was detected in all matrices
in which it was tested, including soil, watermelon pollen,
clover pollen and bumblebee nest material (summary data
reported in the electronic supplementary material, table S3).
In virtually all cases, detection rates increased dramatically



Table 1. Statistical table describing the main effects of insecticide and non-crop forage (clover) on all bumblebee and crop response variables (df. =1 [}
throughout). (Insecticide x NCF denotes statistical interaction between the two main effects. Significant (p < 0.05) and marginally significant (p < 0.07)
insecticide and non-crop forage effects are italicized for emphasis. Yellow and red shading denote increases and decreases, respectively, of the response variable
to treatments that were significant for main effects (note a few interactions were also significant; left unshaded). Effects of non-treatment-related variables (e.g.

block, trial, initial hive weight) are reported in the electronic supplementary material, table S1.

insecticide

(a) floral visitation rate

watermelon 54.70 <0.0001

clover 17.64 <0.0001
(b) in-hive activity 5.68 0.0172
(c) colony performance

hive weight 2.80 0.0941

queen weight 132 0.2502

worker weight 3.46 0.0628

worker count 0.03 0.8608

worker larvae 3.65 0.0561

worker pupae 0.37 0.5412

worker honeypots 18.30 <0.0001

dead larval cells 0.75 0.3848

live eggs 5.01 0.0253
(d) pollination

fruit set 6.32 0.0119

fruit weight 218 0.1395
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Figure 3. Within-hive bee activity from ErxoVision analysis of video recordings.
Insecticide use significantly reduced activity, whereas non-crop forage had no
significant effect. GoPro cameras focused directly over the observation lid
recorded for at least 20 min with activity (%) quantified by measuring the
amount of pixel change in the videos over time. The arena size for each
analysis was standardized to a 9.5 X 7 cm area focused over the largest por-
tion of brood in the hive. Box plots show the median, quartiles, range and
individual data points across the four treatments. NCF, non-crop forage
(clover). *p < 0.05. (Online version in colour.)

with insecticide use; for example, detection in watermelon
pollen ranged from 0 to 20% in the insecticide (-) treatment
and increased to 92-100% in the insecticide (+) treatment.
It is notable that imidacloprid was detected at high rates in
clover pollen (100%) and nest material (80-83%) since it
was not applied to these areas. However, the mean
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Figure 4. Fruit set of tagged watermelon flowers in the four treatments.
Insecticide use significantly reduced fruit set, whereas non-crop forage had
no significant effect. Fruit set was calculated as the proportion of flowers
developing into a fruit per experimental arena (n=15 flowers arena ")
and used as a measure of pollination. Box plots show the median, quartiles,
range and individual data points across the four treatments. NCF, non-crop
forage (clover). *p < 0.05. (Online version in colour.)

concentrations were two to three times higher in crop than
non-crop pollen. Overall, the highest concentrations were
found in the soil (max. 5574 ngg™"), followed by pollen
(max. 377 ng g~'), and lowest levels were in nest material
(max. 8ngg™"). The related neonicotinoids, thiamethoxam
and clothianidin were also measured in samples, but were
mostly below the limit of detection (thiamethoxam: soil—0%
samples detected, pollen—3% samples detected (median=
09ngg™!, max.=136ngg™"); clothianidin: soil—50%
samples detected (median=0.77ngg ', max.=3.59ngg™"),
pollen—1% samples detected (1.46 ng g™ in a single sample)).
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Overall, we found partial support for our hypothesis that
insecticides have stronger negative effects on bees and crop
pollination in the absence of non-crop forage. The strongest
evidence came from hive survival, where insecticide use
and lack of forage synergistically increased mortality. It was
particularly striking that survival was 100% in all three treat-
ments with zero or one stressor alone, but the combination
of two stressors caused survival to plummet to 17%. These
data suggest that cultivating or encouraging supplemental
flowers in and around crop fields can buffer the negative
non-target effects from insecticides [14,16]. In the field,
growers could accomplish this by implementing wildflower
strips along field borders or adopting a less stringent herbi-
cide regime to encourage flowering weeds. Alternatively,
investing in integrated pest management (IPM) programmes
or technologies that reduce insecticide use (e.g. pest scouting
and action thresholds; host plant resistance) could generate
the same outcome.

We were unable to pinpoint the mechanism underlying this
synergy. However, it is unlikely a behavioural result of ‘forcing’
bees to forage on the insecticide-treated crop owing to a lack of
alternatives, because clover presence did not affect the visita-
tion rate on watermelon flowers. Watermelon is not a
preferred resource for bumblebees in the field [32,33,39], but
in our experiment, they readily visited these flowers even
when surrounded by clover, which is considered a high-quality
forage whose flowers are open and accessible during the same
time of day as watermelon (i.e. temporal coincidence in bloom
times). Clover flowers also contained non-trivial amounts of
imidacloprid, albeit in lower concentrations than watermelon.
This means that dietary insecticide exposure would have
occurred, even if bees exclusively foraged from clover. The
detection of imidacloprid in neighbouring clover is not surpris-
ing, given their close proximity (1-2 m) to treated watermelon
in arenas and the propensity for water-soluble neonicotinoids
to move laterally in the soil profile. A more likely explanation
for the synergistic reduction in bumblebee survival is that co-
exposure to both stressors acted at a physiological level to
increase vulnerability. This stressor combination may have
been exacerbated by the fact that screened tunnels are con-
siderably warmer than ambient conditions owing to
reduced ventilation, resulting in heat stress as a likely contri-
buting factor. Moreover, we removed nest covering material
to observe hives, which could have further impeded thermo-
regulation. The temporal pattern of hive death also supports
this explanation. Several hives died near-simultaneously
within a few days in early September. The 5 days immediately
preceding their death experienced the highest daily maxi-
mum temperatures of the entire experiment (avg. 41.2°C;
for comparison, the two weeks prior to this (16-31 August)
had maximum temperatures that were greater than 5°
cooler (avg. 35.1°C)). Interestingly, a recent study demon-
strated that poor diet quality increases susceptibility of the
bumblebee Bombus terrestris to heat waves [40], and bumble-
bees in general seem to respond poorly to warm
environments [41]. Experimentally testing forage/insecticide
interactions under a range of temperatures is necessary to
tease apart these relationships.

In our study, the specific route of insecticide exposure for
bees is unknown. Imidacloprid was detected in all matrices
tested (soil, pollen, nest material) with highest levels in soil.

This is not particularly surprising since the insecticide was
applied as a soil drench, rather than a foliar spray, and the
product moved systemically through the plant to reach flowers.
As a result, soil exposure is likely to pose a threat to ground-
nesting wild bees that come in close contact with these residues
[42-44]; however, given that bumblebees were housed in
aboveground structures in the experiment, we assume that
insecticide detected in nest materials derived from oral
exposure via collection of contaminated floral resources. The
specific concentrations reported for imidacloprid in crop-
treated pollen were high (median in watermelon: 75.4 ng g™ ")
but within the range detected in other studies of neonicotinoids
in cucurbits [45-47]. For example, Bloom et al. [45] reported
the median thiamethoxam concentration in seed-treated
cucumber pollen from commercial fields at 73.7 ng g™". Simi-
larly, Dively & Kamel [46] found the mean imidacloprid
residues in pumpkin pollen at 60.9 ng g~', using the same soil
drench technique and product used here. Because insecticides
were applied in covered high tunnels in our study, the residues
measured could differ from open-field values. Protected struc-
tures prevent rain downpour from leaching pesticides from
the soil and the plastic covering filters sunlight, potentially
leading to altered pesticide degradation rates. We also detected
imidacloprid in untreated watermelon and clover flowers,
which could underestimate the effect of insecticides if the
control is contaminated. This off-site detection is not surpris-
ing because: (i) imidacloprid is among the commonly used
insecticides in agricultural areas where the study was conducted;
and (ii) our analytical approach using liquid chromatography-
mass spectrometry (LC-MS) is highly sensitive to trace amounts
that, while detectable, may not be biologically relevant. For con-
text, the median value of imidacloprid in treated flowers was ca
250 and 50 times higher than untreated flowers for watermelon
and clover, respectively. Thus, we are confident that bees in the
untreated arenas were not inadvertently exposed to high levels
of imidacloprid.

An additional factor strongly affecting our interpretation
of forage/insecticide relationships is the response variable
measured. While survival clearly showed a synergistic
reduction, the other variables were dominated by main effects
of either forage availability or insecticides. These main effects
were remarkably consistent with short-term behaviours, such
as in-hive activity and flower visitation, negatively affected by
insecticides. Reductions to in-hive activity were expected
based on the fact that imidacloprid and other neonicotinoids
are neurotoxins that impede motor function in bees [48].
Despite the dramatically lower in-hive movements and overall
poor health, these colonies were still alive after insecticide
exposure when behaviours were monitored. Unexpectedly,
insecticide use also led to an increased number of honeypots.
Bumblebee production of honeypots is a complex response
that integrates resource quality with colony-level regulations
and feedbacks [49,50]. Given that bumblebees cannot taste
neonicotinoids and, in some conditions, prefer imidacloprid-
laced nectar [51], the high concentrations in our flowers could
have led to preferential nectar (versus pollen) foraging, even
though these are complementary rather than substitutable
resources. Alternatively, bees may shift to relatively more
nectar-foraging as an avoidance response because neonicoti-
noids tend to occur at much lower concentrations in nectar
than pollen [52]. Because we only measured floral visitation,
potential shifts in nectar versus pollen collection across
treatments are unknown.



Insecticides suppressed watermelon flower visitation by
greater than 90%, which ultimately led to lower fruit set.
This occurred in spite of using a relatively high stocking
rate in our arenas, which contained one hive for a 58 m?
area. For comparison, recommendations for commercial veg-
etable production are one to three bumblebee hives per
1000 m*> of enclosed space for indoor pollination. This
means that bumblebees in our arenas were at least five
times higher than the recommended stocking rate for optimal
pollination. Furthermore, watermelon requires relatively few
visits from bumblebees for successful pollination [25,32,33].
As a result, strong insecticide-mediated reductions in crop
foraging appeared to offset the fact that efficient pollinators
were present at such high densities.

It is also important to note that clover benefited bumblebee
performance compared to a monofloral diet of the crop alone
(e.g. increasing live eggs by nearly 400%) without reducing
watermelon visitation or fruit set. The average fruit weight
was lower when bordered by clover; however, we strongly sus-
pect this is not a pollination-related mechanism but rather a
consequence of the unusually close proximity and large size
of the clover, resulting in resource competition with the crop
(see the picture in the electronic supplementary material,
figure S2 for context). This means that non-crop forage as a
habitat manipulation can achieve the goal of enhancing polli-
nator health without detracting from crop pollination by
‘pulling’ bees away from the crop or clogging stigmas with
non-crop pollen. This conclusion is noteworthy and probably
extends to more realistic field conditions, given the nature of
our experimental set-up. Inside arenas, watermelon and
clover were at roughly equal proportions and directly neigh-
bouring one another (i.e. clover was cultivated as a uniform
ground cover between each crop row). This is an extreme
case compared to a typical agricultural field where the crop/
non-crop flower ratio would be far more skewed towards
crop dominance, even in diverse systems, and most of the
non-crop forage would probably be relegated to field edges
rather than growing in such close proximity to the crop itself.
Because clover did not interfere with crop pollination under
such extreme conditions, it seems highly unlikely in open-
field settings that wildflowers would be anything aside from
beneficial. More work is needed to understand why clover or
other non-crop flowers benefit bees. In this case, it remains
unclear whether the beneficial properties derive from higher
resource quantity (i.e. twice the number of flowers), quality
(i.e. clover pollen is considered high quality with protein
levels ranging from 22 to 25%; [53]) or diversity (i.e. one
versus several species of pollen). These three features are con-
founded in our design and thus we cannot disentangle them
from one another. However, a recent study using a novel stoi-
chiometric approach to evaluate bee diets based on elemental
ratios in pollen, highlighted clover—out of ca 100 taxa con-
sidered—as a nutritionally well-balanced species [54].
Cucurbit pollen, on the other hand, is detrimental for B. impa-
tiens performance [39], and, therefore, clover may simply dilute
the effects of a suboptimal diet consisting of watermelon alone.

As a whole, our data indicate that both insecticide use and non-
crop flower presence contribute strongly to pollinator health in
agroecosystems. An important caveat to this conclusion is that

our experimental set-up represents an extreme test of what bees
might face under real world conditions. For instance, non-crop
flowers (e.g. unmanaged habitats, border vegetation) are typi-
cally within the flight range, particularly for large taxa like
bumblebees or honeybees, and thus, it would be rare for fora-
gers to be unable to access any floral resource aside from the
crop itself. Similarly, insecticide use is usually not an all-or-
nothing endeavour; growers vary along a continuum of appli-
cation frequency and product toxicity. Thus, our experiment
should be viewed as a proof-of-concept for the relative impor-
tance and interactions among these common stressors, rather
than a true estimate of the magnitude of effects experienced
in the field.

It is difficult to make broad statements about the relative
importance of these factors and the potential for ecological
interactions between the two. These conclusions are shaped
by the specific aspects of ‘health’ that are measured or targeted
for enhancement. Given that hive-scale survival is critical to
bumblebees fulfilling their functional role as crop pollinators,
we view the synergistic increase in mortality to be an overrid-
ing outcome from this work. The challenge will be to find
opportunities for reducing pesticide inputs while maintaining
farm productivity. This seems possible both in watermelon
[36] and farming systems more generally [55] using IPM and
related approaches aimed at increasing sustainability. Achiev-
ing this balance is particularly critical in pollinator-dependent
crops, like watermelon, where pest management and pollina-
tor conservation are central, but sometimes conflicting, goals.

Finally, it should be noted that, while bumblebee hives
were used in this study as a tool for measuring pollinator
responses, the broader implications of these findings extend
beyond managed species to inform the conservation of wild
bees on or near agricultural lands. Managed bumblebee
hives are commonly used as convenient proxies for wild
taxa. Compared to bumblebees, however, many wild bees
tend to have a smaller foraging radius and more limited
diet, making the experimental design perhaps even more rel-
evant to these functionally and taxonomically related species.
Extending stressor interaction studies to wild bees will be a
critical step in understanding the factor(s) contributing to
their persistence and diversity in agroecosystems.

Raw data are available to download via the Purdue Uni-
versity Research Repository at: https://purr.purdue.edu/publications/
3754/1 [56].
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