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Agrochemical exposure is a major contributor to ecological declines worldwide, including the loss of cru-
cial pollinator species. In addition to direct toxicity, field-relevant doses of pesticides can increase species’ 
vulnerabilities to other stressors, including parasites. Experimental field demonstrations of potential interactive 
effects of pesticides and additional stressors are rare, as are tests of mechanisms via which pollinators tolerate 
pesticides. Here, we controlled honey bee colony exposure to field-relevant concentrations of 2 neonicotinoid 
insecticides (clothianidin and thiamethoxam) in pollen and simultaneously manipulated intracolony genetic 
heterogeneity. We showed that exposure increased rates of Varroa destructor (Anderson and Trueman) par-
asitism and that while increased genetic heterogeneity overall improved survivability, it did not reduce the 
negative effect size of neonicotinoid exposure. This study is, to our knowledge, the first experimental field 
demonstration of how neonicotinoid exposure can increase V. destructor populations in honey bees and also 
demonstrates that colony genetic diversity cannot mitigate the effects of neonicotinoid pesticides.
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Introduction

Bees are critical to agricultural resilience by providing pollination 
services for a swathe of speciality crops (Klein et al. 2007, Potts et 
al. 2016, Knapp et al. 2017, Delaplane 2021). However, both wild 
and managed bees are threatened by interacting combinations of 
stressors, including forage loss, parasite pressures, and exposure 
to agrochemicals, including pesticides (Genersch et al. 2010, Pettis 
and Delaplane 2010, Potts et al. 2010, vanEngelsdorp and Meixner 
2010, Goulson et al. 2015, Manley et al. 2015, Bird et al. 2021). 
Agricultural pesticides are known to interact in their toxicity, leading 
to suspicions that their dangers to bee pollinators are underestimated 
(Siviter et al. 2021). A wealth of literature has demonstrated the 
particularly pernicious threat of neonicotinoid use in agriculture in 
compromising bee health (see recent reviews by Lundin et al. (2015) 
and Singla et al. (2021)), leading to demand for better understanding 
of how to protect agricultural pollinators from pesticide exposure.

With managed western honey bees (Apis mellifera L.), beekeepers 
can make numerous interventions to help protect their bees’ 

nutritional or parasite stressors; for example, supplementary feeding 
with proteinaceous or caloric feed substitutes, namely pollen patties 
and sugar syrup (Caron and Connor 2013, Sammataro and Weiss 
2013, Gemeda et al. 2018, Mortensen et al. 2019), or treatment with 
parasiticides such as amitraz or formic acid (Roth et al. 2020) to 
control major parasites of concern, for example, Varroa destructor 
mites (Traynor et al. 2020, Jack and Ellis 2021). Further, cultural 
and biological management such as brood breaks, requeening, and 
timely colony splitting are used to greatly improve the vitality of 
honey bee colonies both for nutritional and parasite regulation (Jack 
and Ellis 2021). However, pesticide exposure remains an Achilles’ 
heel of beekeeper management, with very few management tools 
available to beekeepers for mitigating its impact.

A core contributor to honey bee colony function and vitality 
is genetic diversity as a consequence of honey bee queen poly-
andry. Western honey bee queens accrue enough sperm for their 
lifetime’s cohort of daughter workers after mating with only one 
drone (Rinderer et al. 1985), but they almost always exceed this, 
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with average mating numbers of 12 males (Tarpy et al. 2004) (or 
higher, see Withrow and Tarpy 2018), with significant variation in 
the number of matings including frequent cases much higher than 
this (Estoup et al. 1994). Multiple mechanisms have been proposed 
and evidenced to explain why increased polyandry improves colony 
function, health, and fitness. While it is widely understood that ge-
netic diversity helps protect populations from infectious disease 
outbreaks (Ekroth et al. 2019, Gibson and Nguyen 2021), most of 
the importance of genetic diversity in honey bees is attributable to 
task thresholding, differentiation, and specialism (Delaplane et al. 
2021, 2024).

Allelic richness amongst workers increases colony stability by 
diversifying task response thresholds so that environmental stimuli 
do not cause all worker cohorts to switch tasks at the same time 
(Oldroyd and Thompson 2006). For example, variation in stimulus 
thresholds that trigger the switch to fanning behavior ensures that 
as colony temperatures rise, the number of fanners increases se-
quentially such that only the minimum number of fanners necessary 
to cool the colony are engaged at any time (Calderone et al. 1989, 
Calderone and Page 1996, Eckholm et al. 2015). Similar principles 
apply to variation in the ability to forage on certain flowers, the 
tendency to prioritize pollen vs nectar or propolis foraging, and hy-
gienic behaviors (to name a few behavioral phenotypes).

Further, it is hypothesized that certain patrilines are genetically 
predisposed to certain tasks by being hyper-sensitive to focal stimuli, 
which, when coupled with innate honey bee learning tendencies, en-
able individuals to become specialists. Hygienic behaviors whereby 
certain patrilines act as “colony leukocytes” due to their hyper-
sensitivity to removing infected or sick brood, including policing 
Varroa parasitism (Boecking et al. 2000, Mondet et al. 2020, van 
Alphen and Fernhout 2020) are a demonstration of this principle. 
Correspondingly, increasing colony genetic diversity via higher pol-
yandry has demonstrable positive effects on colony health. For ex-
ample, a wealth of studies have linked increased queen polyandry to 
reduced parasite (including Varroa) pressure in colonies (Sherman 
et al. 1988, Shykoff and Schmid-Hempel 1991b,a, Tarpy and Seeley 
2006, Seeley and Tarpy 2007, Delaplane et al. 2015, 2024, Desai 
and Currie 2015) as well as improved pesticide resilience, improved 
foraging rates, and greater honey production (Crozier and Page 
1985, Oldroyd et al. 1992, Fewell and Page 1993, Dreller et al. 1995, 
Mattila and Seeley 2007, Girard et al. 2011, Rangel et al. 2013).

Given the ubiquitous importance of polyandry for colony vitality 
and the acute pressure placed on honey bees by pesticides, we sought 
to examine whether manipulation of colony genetic diversity via a 
management intervention (brood transplantation) could offset or 
even reduce the impact of a pesticide stressor on experimental honey 
bee colonies. Brood transplantation is a common beekeeping prac-
tice whereby capped brood are moved from one colony to another, 
typically to strengthen weak colonies. A collateral effect of this ma-
nipulation is a temporary increase in genetic diversity by introducing 
bees of novel genotype (and presumably phenotype) to the recipient 
colony.

We used brood exchange (transplantation) treatments to sim-
ulate the effects of a higher degree of polyandry in a colony. We 
tested whether this induced period of genetic heterogeneity not 
only improved colony health (for example, better brood survivor-
ship, greater pollen foraging, reduced parasitic Varroa pressure, and 
increased queen survival) but also whether it improved colony toler-
ance to exposure of a mix of 2 common agricultural neonicotinoids 
(clothianidin and thiamethoxam) fed to colonies in contaminated 
pollen. The putative effect drivers are diversity-based improvements 
in pesticide detoxification coupled with improved colony tolerance 

to additive stressors. Our working hypotheses were: (i) that colonies 
fed neonicotinoid-dosed pollen would exhibit weaker indicators of 
vitality compared to control colonies; (ii) that colonies, where brood 
was mixed (exchanged between colonies), would exhibit stronger 
indications of vitality compared to control colonies; and finally, (iii) 
that these 2 treatments would interact such that the negative effects 
of neonicotinoid exposure were smaller in magnitude in those colo-
nies in which brood was mixed.

Materials and Methods

Experimental Setup and Design
We conducted mirrored (but not simultaneous) experiments across 
3 sites; research apiaries were located at the University of Delaware 
in Delaware, USA; University of Georgia in Athens, GA, USA; and 
Auburn University in Alabama, USA. Each site had a single apiary 
of 24 experimental colonies of managed western honey bees, split 
evenly across a 2 × 2 treatment plan (6 colonies per unique treat-
ment combination). Treatments were either brood-mixed or un-
mixed, and colonies were given either “clean” pollen patties or 
pollen patties dosed with field-relevant neonicotinoid pesticides (see 
Fig. 1). Queens were purchased open-mated from a single supplier 
(Rossman Apiaries, USA) and inserted initially into 5-frame nucleus 
colonies of empty drawn comb and given time to establish until 
transplantation into typical 10-frame Langstroth hives before colo-
nies grew until the minimum number of brood frames necessary for 
the experiment to begin were available (2–4 months across sites). We 
allowed colonies to exhibit their typical natural variation in size and 
did not standardize beyond the initial nucleus colony establishment.

Experimental “day 0” was the day that brood mixing occurred in 
colonies assigned to those treatment groups, whereby brood frames 
were exchanged among colonies previously assigned to triplets or 
sextets depending on colony strength and available brood across 
sites (Fig. 1). Where 6 frames of brood were reliably available in all 
colonies, sextets were used. In other regions, where colonies only 
reached 3 frames of brood, triplets were used. In each triplet or sextet, 
each member colony retained one frame of brood from its resident 
mother queen and donated (and reciprocally received) one frame of 
brood from each other member of the group (such that where col-
onies were in sextets, mixed colonies donated 5 frames of brood 
and received 5 “foreign” brood frames, while colonies in triplets re-
ceived 2 “foreign” brood frames to replace the 2 they donated). All 
colonies (mixed and unmixed) were fully assessed at this stage, in-
cluding quantifying brood area and discriminating brood into eggs, 
uncapped, or capped; we refer to this as the “experimental brood co-
hort.” Pollen patties were made in Alabama (Auburn Bee Lab) using 
corbicular pollen (60% w/w) sourced from Colorado, powdered 
sugar (30% w/w, food-grade cane sucrose), and organic honey (10% 
w/w). Corbicular pollen was tested for agricultural chemical residues 
using liquid chromatography-tandem mass spectrometry (Mullin et 
al. 2010) and showed no residues above detection limits. “Clean” 
pollen patties were unaltered from the above. Neonicotinoid-dosed 
patties were supplemented with 4.5 ng g−1 thiamethoxam (Sigma-
Aldrich) and 1.5 ng g−1 clothianidin (Sigma-Aldrich) at the mixing 
stage. These concentrations reflect those found in pollen from flow-
ering crops and crop-adjacent wildflowers in agricultural systems 
using these neonicotinoids (David et al. 2016). While “field-realistic” 
doses have a disputed history (Carreck and Ratnieks 2014), a re-
cent study by Graham et al. (2021) looking specifically at corbicular 
pollen of honey bees in both managed and unmanaged fields found 
concentrations at or above the ones we use here. Mixtures were 
compressed into ~225 g patties used for feeding. Patties were placed 
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in the corresponding colonies on experimental day 7 and replaced 
throughout the experiment to allow ad libitum feeding. Colonies 
were forced to consume their pollen patties by placing pollen 
traps on all colony entrances to deny the importation of foraged 
pollen. Force-feeding of pollen lasted 30 days, and visual inspec-
tion confirmed pollen patty consumption. Overall, this approach to 
achieving field-realistic forced-feeding of neonicotinoid-dosed pollen 
precisely mirrors numerous other studies to better allow comparison 
of results between studies using this model exposure scenario (e.g., 
Straub et al. 2016, 2019, 2021, Forfert et al. 2017, Friedli et al. 2020, 
Bruckner et al. 2021). Colony monitoring proceeded throughout the 
experiment as described below. We note that the main experimental 
periods were asynchronous across sites based on colony establish-
ment dates, availability of personnel, and season length.

Colony Monitoring and Data Collection
We measured up to 8 main colony response variables in all apiaries 
at all sites. These were size (capped brood area), queen survival 
(whether marked queens were confirmed as still present), pollen 
(mass of corbicular pollen gathered in 24 h), aggression (recruitment 
of guard bees to colony entrance following alarm pheromone ex-
posure), per-capita Varroa parasitism (phoretic mites washed using 
ethanol from 300 adult bees), Varroa mite drop (mite drop rate 
onto sticky screen colony bottom boards), comb construction (area 
of comb constructed onto undrawn frame inserted for 24 h), and 
brood survival (proportion of identified L1–L2 larvae that survived 
to capping). All 8 response variables were recorded for the Delaware 
sites; Georgia sites could not confirm queen survival or undertake 
alcohol washes for per-capita Varroa loads, and Alabama sites could 
not confirm queen survival, measure pollen foraging rate, or measure 
comb construction.

Size was assessed by 2 independent observers in the style of 
Delaplane et al. (2013), whereby each assessor estimated the propor-
tion of each frame side in a given colony covered by capped brood, 
yielding a response variable measured in “Langstroth deep frames of 

capped brood”; each site measured this size variable multiple times. 
Queen survival was recorded at the end of the experiment and is a 
binary response variable showing whether a given colony had the 
same original marked queen as introduced at the start of the ex-
periment. Pollen was measured as the mass in grams of corbicular 
pollen collected in the pollen trap placed on the entrance of each 
colony over a 24-h period and was collected throughout the experi-
ment. Aggression was assayed by counting the number of bees visible 
on the landing board outside a colony, then placing a cotton ball 
soaked with 50 µl of isoamyl acetate (Acros Organics, USA) onto 
the landing board for 120 s, and then recording the number of bees 
again on the landing board of the colony to estimate recruitment 
in response to alarm pheromone. Mite parasitism was estimated 
for each colony by collecting 300 adult honey bees from the sur-
face of brood frames, submerging them in 70% ethanol, straining 
them with Varroa EasyCheck washers (Véto-pharma, France), and
counting the number of mites dislodged and removed; this wash 
and count procedure was repeated until 2 consecutive “zero” counts 
were observed. Mite drop was estimated by placing sticky screen 
bottom boards (Mann Lake, USA) on the bottom of each colony 
for 72 h and then counting the number of Varroa mites which had 
fallen and adhered onto each screen surface. Comb construction was 
assessed by inserting a frame of undrawn comb with wax foundation 
into the colony for 24 h; the proportion of the frame fully drawn 
with comb after this period was then measured. Finally, brood sur-
vival was repeatedly assessed for each colony by identifying a min-
imum of 20 cells containing larvae at their first or second instars and 
marking the cell locations on an acetate “coverslip” that can be held 
over the brood frame; these cells were then monitored to see if the 
young larvae survived to the capping stage or were removed (either 
following death or infanticide). These larvae were not transplants 
and were young enough to be the guaranteed progeny of the queen 
in that colony.

Timing of measurements for each response variable was guided 
on a site-specific basis by the stochastic computational model of 

Fig. 1. Single-colony examples of the 4 treatments. Top-row colonies are unmixed: all 6 brood frames come from the 1 resident queen mother; bottom-row col-
onies are mixed: each of the 6 brood frames comes from a different donor mother/colony (denoted by color). All colonies are fed pollen; however, right-column 
colonies are fed pollen dosed with 2 added neonicotinoids (here, denoted by clothianidin). Due to variation in colony strength across sites, only Delaware used 
colonies with 6 brood frames (sextets); Alabama and Georgia used colonies with 3 brood frames (triplets). Figure made in Biorender ©.
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Bartlett et al. (2021b), which combines published schedules of tem-
poral task allocation in honeybees (Seeley 1982) with the measured 
age distribution of brood we inserted into hives to track a polyan-
drous cohort as it ages through its expected succession of task peaks. 
For example, assessments of brood survivorship were undertaken 
shortly after the beginning of the experiment at each site, as we esti-
mate the experimental brood cohort would be undertaking nursing 
behavior from between approximately 7–21 days postmix; in con-
trast, the same cohort’s contribution to the task of guarding the 
colony peaked at days 24–28 across sites, which is when aggres-
sion assays were targeted. We present full predictions of when the 
assessed cohorts were expected to contribute to different tasks in the 
supplementary material (Supplementary Figs. S1–S3).

Statistical Analysis
All analyses were undertaken in the statistical programming language 
“R” (R Core Team 2019) version 4.0.2. All analyses used a linear 
modeling framework, where linear models (lm) were fit to data and 
then fixed predictor terms were tested for significance using type-III 
ANOVAs. Directions and sizes of significant effects were then taken 
from the corresponding fit model where found. In the single case of 
queen survival, which was only recorded at the Delaware site, we 
could fit a typical generalized linear model (glm) with a binomial 
error structure to the binary response variable (queen survived {0}, 
queen presumed dead {1}) with 2 interacting fixed predictors: whether 
a colony was mixed or not (0,1) and dosed with neonicotinoids or 

not (0,1)—see Fig. 1. We used the same fixed predictor structure for 
all other response variable analyses. However, for all other response 
variables, we included side effects by using mixed modeling ((g)
lmms) approach to account for the nested (hierarchical) nature of 
our data, with individual colonies often sampled multiple times and 
only ever belonging to one site; we fit these (g)lmms and tested for 
significance using the “afex” package (Singmann et al. 2019), which 
wraps around the “lme4” package (Bates et al. 2015). Model type 
and error structure depended on the nature of the response vari-
able; some variables were suitable for analysis assuming a Gaussian 
(normal) error structure and, therefore, appropriate for linear mixed 
modeling. Other variables required generalized linear mixed models 
with binomial- or Poisson-distributed error structures. Test statis-
tics used for the type-III ANOVAs varied accordingly (F-statistic for 
linear mixed models, Chi-squared for generalized). In all cases, the 
fixed predictors were as above (Mix + Neonic + Mix:Neonic). In the 
case of aggression, we added an additional fixed predictor term to 
account for the number of bees present at the entrance prior to pher-
omone application. We make all analysis and data available as a 
Zenodo-archived GitHub repository (10.5281/zenodo.10899691).

Results

We summarize the type-III ANOVA results run on our (g)lm(m)
s in Table 1. We find no evidence of an interaction effect between 
neonicotinoid exposure and brood exchange in any instance. 

Table 1. Summary of statistical testing results. Bolded lines highlight significant tests of biological importance. Model type includes the 
testing specification of degrees of freedom

Response variable Fixed predictor Test P-value Model type

Aggression lmm (KR)
EntranceBees (Start) F1,238 = 39.26 <0.001
Neonicotinoid F1,48 = 2.89 0.10
Mixed F1,49 = 0.37 0.55
Neonicotinoid: Mixed F1,48 = 0.90 0.35

Brood survival binomial glmm (LRT)
Neonicotinoid χ2

1,7 = 1.76 0.18
Mixed χ2

1,7 = 3.93 0.05
Neonicotinoid: Mixed χ2

1,7 = 0.63 0.43
Comb construction Poisson glmm (LRT)

Neonicotinoid χ2
1,7 = 0.15 0.09

Mixed χ2
1,7 = 0.92 0.34

Neonicotinoid: Mixed χ2
1,7 = 1.28 0.26

Mite drop Poisson glmm (LRT)
Neonicotinoid χ2

1,7 = 3.91 0.05
Mixed χ2

1,7 = 1.46 0.24
Neonicotinoid: Mixed χ2

1,7 = 0.33 0.57
Mite wash Poisson glmm (LRT)

Neonicotinoid χ2
1,7 = 8.04 0.005

Mixed χ2
1,7 = 0.01 0.41

Neonicotinoid: Mixed χ2
1,7 = 0.20 0.66

Pollen gathering rate lmm (KR)
Neonicotinoid F1,38 = 1.22 0.28
Mixed F1,37 = 1.83 0.18
Neonicotinoid: Mixed F1,38 = 1.54 0.22

Brood area lmm (KR)
Neonicotinoid F1,37 = 1.48 0.23
Mixed F1,37 = 0.33 0.57
Neonicotinoid: Mixed F1,37 = 0.10 0.76

Queen survival glm (Wald)
Neonicotinoid χ2

1,7 =  < 0.01 0.99
Mixed χ2

1,7 = 0.34 0.56
Neonicotinoid: Mixed χ2

1,7 =  < 0.01 0.99
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However, we do find some singular effects of each on specific re-
sponse variables. Notably, we find evidence of a positive effect 
of brood exchange (mixing) on subsequent larval survivorship 
(χ2

1,7 = 3.93, P = 0.05) where larvae at the L1–L2 stage (1st–2nd 
instar) in mixed colonies showed survival rates on average 1.74× 
higher (1.01–2.98 × 95% CI) than those in corresponding unmixed 
colonies (Fig. 2). We also find evidence of a detrimental effect of 
neonicotinoid exposure on colonies, where both mite drop rates 
(χ2

1,7 = 3.91, P = 0.05) and mite wash counts (χ2
1,7 = 8.04, P = 0.005) 

were higher in colonies exposed to neonicotinoids; colonies exposed 
to neonicotinoids had on average 5.3 (2.3–9.3 95% CI) more mites 
drop in 24 h and 1.11 (0.67–1.61 95% CI) more phoretic mites per 
100 bees (see Fig. 3). We found no evidence of treatment effects on 
aggression, comb construction, pollen gathering rates, queen sur-
vival, or brood area.

Discussion

We found that field-relevant neonicotinoid exposure increased the 
severity of Varroa parasitism rates in exposed colonies. We did not 
find evidence supporting the hypothesis that this negative effect 
could be mitigated by increased genetic diversity in the colony, as 
in no instance did we find a significant interaction between pesti-
cide exposure and brood mixing. Additionally, we found no evidence 
that increased genetic diversity compensated for the negative effects 
of the neonicotinoids, as the 2 treatments did not overlap in which 
colony phenotypes they significantly affected. We did, however, con-
firm the beneficial effects of increased genetic diversity in the form of 
improved brood survival.

There is no shortage of observational and experimental 
studies emphasizing the synergistic impacts of pesticide and para-
site exposure on honey bee health (Goulson et al. 2015, Zee et al. 
2015, Dolezal et al. 2016, Sánchez-Bayo et al. 2016, Bartlett et al. 
2021a), including neonicotinoid and Varroa pressure (Straub et al. 
2019, Tesovnik et al. 2019, Morfin et al. 2020). Moreover, field 
observations have explicitly linked neonicotinoid exposure to vul-
nerability to Varroa (Alburaki et al. 2015, Dively et al. 2015), with 
crucial laboratory studies by Annoscia et al. (2020) demonstrating 
how the neonicotinoid clothianidin increases Varroa reproduction 
rates due to reducing honey bee hemolytic immune response. Our 
work completes this literature body by showing that the individual-
level findings of Annoscia et al. (2020) are mirrored at the colony 
level with contaminated pollen (see Fig. 3) and is the first (to our 
knowledge) demonstration of this link between neonicotinoid and 
Varroa parasitism using a manipulated field experiment. We empha-
size that neonicotinoid exposure increasing vulnerability to Varroa 
parasitism and subsequent increased mite abundance is a subtly dif-
ferent, possibly supplementary, mechanism to simply demonstrating 
whether the combination of pesticide exposure and parasitism has 
antagonistic, additive, or synergistic impacts on honeybee health 
compared to either effect in isolation—possibly explaining the 
mixed range of outcomes reported for these interactions (Straub  
et al. 2019, Harwood and Dolezal 2020, Bird et al. 2021, Bruckner  
et al. 2021, Siviter et al. 2021).

Substituting heightened polyandry by diversifying colony origins 
of brood through brood transplantation directly improved the 

Fig. 2. Summary graph of survival of honey bee larvae across the experiment. 
Each point represents 1 colony, grouped according to treatment. Values for 
each colony are summary measures calculated using scaled residuals for 
each location × day block and are for illustrative purposes: plotted lines are 
naïve 95% CIs and do not directly correspond to statistical results—they are 
plotted for assistance in interpreting graphical results only. We found a signif-
icant positive effect of brood mixing on larval survival rates.

Fig. 3. Summary graphs of mite sticky screen drop rates (panel A, left) and per-capita (mites per 100 bees) phoretic mite counts from ethanol washes (panel 
B, right). Each point represents 1 colony, grouped according to treatment. Values for each colony are summary measures calculated using scaled residuals for 
each location and day block. Plotted lines are naïve 95% CIs and do not directly correspond to statistical results—they are plotted for assistance in interpreting 
graphical results only. In both instances, we found increasing Varroa mite load in the presence of neonicotinoid exposure.
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survival of L1–L2 larvae to the capping stage, adding to a growing 
body of evidence supporting the colony-level benefits of polyandry. 
If one assumes that a queen mates with, and her progeny are sired 
by, an average of 12 males (Tarpy et al. 2004), then our colonies in 
Alabama and Georgia were made up of approximately 12 patrilines 
(unmixed) or temporarily 36 patrilines (mixed, triplets of 12 × 3); 
correspondingly, colonies in Delaware were of the order of 12 
patrilines (unmixed) or temporarily 72 patrilines (mixed, hextets 
of 12 × 6). Delaplane et al. (2021) showed increased brood survival 
in colonies whose queens were instrumentally inseminated with 54 
males compared to colonies whose queens were inseminated with 
9 males. As mentioned above, degrees of polyandry spanning this 
range was very likely achieved in the present study, supporting that 
the positive effects on brood survival were an effect of induced poly-
andry. Given our use of open-mated, “practitioner realistic” queens, 
we, therefore, present initial evidence that brood mixing could be a 
beekeeper-friendly method of simulating the beneficial effects of high 
queen mating number for improving colony strength; however, the 
strength of benefit needs further interrogation given how few colony 
strength indicators responded to mixing in this study. We do not an-
ticipate brood mixing to be a major route of pathogen transmission, 
per the epidemiology of Bartlett et al. (2019).

It is possible that our neonicotinoid treatments were too subtle 
to detect interactions between brood mixing (which was also tem-
porary) and pesticides. While our neonicotinoid treatments were at 
field-realistic doses (David et al. 2016), honey bees may be more 
resilient in the face of these pesticides compared to other bees (al-
though not necessarily other insects or pollinators) (Claudianos et 
al. 2006, Klein et al. 2017). It is plausible that more extreme but less 
“realistic” experimental doses do a better job bracketing the range 
of ecological possibilities.

On the other hand, our failure to detect interactions may be a 
true reflection of reality. Our design was sufficiently powerful to 
show the direct effects of both fixed predictors in the directions 
anticipated. If the absence of interactions is legitimate, this highlights 
the continued challenges facing beekeepers (and wild bees more so) 
by the very limited number of mechanisms available for mitigating 
damage caused by agricultural insecticides. If a facet of honey bee bi-
ology as fundamental and influential as colony genetic heterogeneity 
is not capable of mitigating or buffering the impacts of insecticide 
stressors, it is difficult to envisage what can be done on the side of 
beneficial pollinators to improve resilience to insecticides, leaving re-
sponsibility for action squarely on the side of those land managers 
and practitioners who control insecticide application and exposure 
pathways.

The phenomena we observe are also worth consideration in 
their own right. The absence of an effect of the neonicotinoids on 
larval survival may be a testament to the resilience of honey bees in 
protecting their larvae from agrochemicals via nurse-bee buffering 
as well as the high tolerance of honey bee brood to these pesticides 
(Grillone et al. 2017). This may be especially true at our field-
relevant doses, although prior work has found links to reduced 
nursing effectiveness and larval development inhibition from similar 
neonicotinoid doses (Siefert et al. 2020). The increased survival rates 
of young brood when raised by a more genetically heterogeneous 
cohort are more unsurprising, however, given the well-evidenced 
hypotheses discussed earlier concerning task partitioning and colony 
efficiency when genetic diversity is increased, and is a finding that 
has been observed elsewhere in prior work (Delaplane et al. 2021).

The lack of an effect of the genetic diversity manipulation on 
Varroa is more surprising but may be due to the ephemeral effects of 
simulated polyandry compared to permanent heightened polyandry, 

as found elsewhere in other studies (Tarpy et al. 2013, Delaplane 
et al. 2015). The impact of the neonicotinoid in increasing Varroa 
populations both in absolute terms and in per-capita parasitism is 
in agreement with laboratory and observational studies (Alburaki 
et al. 2015, Dively et al. 2015, Annoscia et al. 2020) and with this 
present work has now been demonstrated in the field, contributing 
to a large body of literature on the multiple and interacting stressors 
on pollinators. It is a notable finding that we confirm in-field that 
neonicotinoids can exacerbate the abundance of the parasite Varroa, 
which is arguably the single most severe contributor to managed 
honey bee losses in the United States (Traynor et al. 2020).
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