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• The relationship between pesticides and
pollinators is a complex socioecological
system.

• Pesticide-pollinator research has
tended to be compartmentalized and
intradisciplinary.

• The pesticide-pollinator system spans
from upstream drivers to higher-order
effects on populations and ecosystems.

• We present a framework consisting of
three overlapping domains: pesticide
use, pesticide exposure, and pesticide
effects.

• Future scholarship would benefit from
integration across these domains and
the filling of gaps within them.
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The relationship between pesticides and pollinators, while attracting no shortage of attention from scientists,
regulators, and the public, has proven resistant to scientific synthesis and fractious inmatters of policy and public
opinion. This is in part because the issue has been approached in a compartmentalized and intradisciplinaryway,
such that evaluations of organismal pesticide effects remain largely disjoint from their upstream drivers and
downstream consequences. Here, we present a socioecological framework designed to synthesize the
pesticide-pollinator system and inform future scholarship and action. Our framework consists of three
interlocking domains-pesticide use, pesticide exposure, and pesticide effects–each consisting of causally linked
patterns, processes, and states. We elaborate each of these domains and their linkages, reviewing relevant liter-
ature and providing empirical case studies. We then propose guidelines for future pesticide-pollinator scholar-
ship and action agenda aimed at strengthening knowledge in neglected domains and integrating knowledge
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across domains to provide decision support for stakeholders and policymakers. Specifically, we emphasize
(1) stakeholder engagement, (2) mechanistic study of pesticide exposure, (3) understanding the propagation
of pesticide effects across levels of organization, and (4) full-cost accounting of the externalities of pesticide
use and regulation. Addressing these items will require transdisciplinary collaborations within and beyond the
scientific community, including the expertise of farmers, agrochemical developers, and policymakers in an ex-
tended peer community.
©2019 TheAuthors. Publishedby Elsevier B.V. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pollinators are animals thatmediate the exchange of pollen between
flowers, facilitating fruit and seed production in roughly 88% of
flowering plants (Ollerton et al., 2011). While a broad range of animal
taxa can function as pollinators (Ollerton, 2017), bees (Hymenoptera:
Anthophila) are uniquely specialized for pollen transport and account
for the bulk of pollination services in both wild and cultivated plants,
complemented principally by other insect pollinators (Willmer et al.,
2017). The manifold significance of pollinators–as providers of ecosys-
tem services, keystones of natural systems, and models for theoretical
study–and the seriousness of recent patterns of pollinator decline
(Ollerton, 2017) are evident not only to the expert communities of ecol-
ogy and agriculture but also the public at large.

The ubiquity with which pollinating insects interact with human-
dominated landscapes brings them into frequent intersection with an-
thropogenic chemicals. These include chemical pesticides designed spe-
cifically for deleterious action against plants, animals, or microbes
deemed incompatible with human interests, particularly those that
threaten agricultural yield or vector disease. In the case of insecticides
there exists self-evident potential for off-target harm to pollinating in-
sects, but even when insects are not the target–as in the case of fungi-
cide and herbicide use–they may be directly or indirectly affected,
both by the active and putatively inert (Mullin, 2015) ingredients of
the pesticides they encounter (discussed in Section 4.1).

Instances of “bee kills” associated with pesticide use have been doc-
umented since the late 19th century (Berenbaum, 2016), but thediscov-
ery in the mid-2000s of parallel declines in wild pollinators and
pollinator-dependent plants (Biesmeijer et al., 2006) along with wide-
spread losses of managed honey bees (Neumann and Carreck, 2010)
raised the possibility that the effects of pesticides on pollinators might
be more than merely episodic. As the scientific literature on pesticide-
pollinator interaction grew rapidly to a burgeoning corpus of over
2000 publications, what emerged was not a systematic conclusion but
a catalogue of complexities: combinatorial exposures (Mullin et al.,
2010), interactions and synergisms (Johnson et al., 2013; Sánchez-
Bayo et al., 2016), sublethal effects (Desneux et al., 2006), inter- and
intra-specific variation in susceptibility (Arena and Sgolastra, 2014;
Poquet et al., 2016), buffering mechanisms in social colonies (Henry
et al., 2015), and unexpected routes of exposure (Krupke et al., 2012).
Any frank synthesis of this literature must acknowledge that despite
considerable insights at the scale of organismal toxicology, the up-
stream patterns and processes that govern the initial exposure of
pollinators to pesticides remain obscure. Knowledge is similarly
truncated in the downstream direction, with relatively few studies
linking organismal effects to colony- or population-level outcomes,
and even fewer to the system-level outcomes of biodiversity conser-
vation, pollination services, and apicultural productivity that are the
explicit protection goals of government regulatory agencies. These
missing linkages currently hinder both theoretical synthesis of
pesticide-pollinator science and its application to decision support
for stakeholders and regulators, a problem that calls for transdisci-
plinary approaches to integrate the socioeconomic, toxicological,
and ecological dimensions of the system.

Here, we present a conceptual framework designed to facilitate such
integration. Our framework consists of three interlocking domains of
causal relationships (Fig. 1). Domain 1 focuses on the human and eco-
logical drivers governing pesticide use. The resulting spatiotemporal
patterns of pesticide use comprise the input toDomain 2,where they in-
teract with pesticide fate dynamics and pollinator behavior and life his-
tory to produce patterns of pollinator exposure. InDomain 3, patterns of
exposure interact with pesticide toxicity to determine effects at the

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1.A conceptual framework of the pollinator-pesticide system. Domains of causal relationships overlap at key linking phenomena (yellow). Themain direction of causation is indicated
by arrows, generally flowing top-to-bottom, except for the potential feedback (dashed line) of Domain 3 to Domain 1.
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individual, colony, population, and ecosystem levels. The feedback of
Domain 3 effects on Domain 1 use patterns closes our framework into
an iterable system in which pesticide use decisions can be informed
and affected by pesticide effects. In the sections that follow, we elabo-
rate these domains and their linkages, illustrating each with empirical
case studies.

2. Pesticide use (Domain 1)

All pesticide-pollinator interactions are causally downstream from
pesticide use, a phenomenon governed as much by socioeconomic
drivers as by anything belonging to the usual purview of ecotoxicology.
The intent of pesticide use is the alleviation of pest pressure. Before a
pesticide is available for use, though, it must be discovered and devel-
oped by the agrochemical industry, approved by government regula-
tors, and marketed to end users whose information and values
influence the final decision of when, where, and how to apply a pesti-
cide. It is critical to recognize that the legitimate need to manage pests
underlies the phenomenon of pesticide use, particularly in agriculture
and vector control (Oerke and Dehne, 2004; World Health
Organization, 2006); accordingly, efforts to protect pollinators from
pesticide impacts should reconcile pest control needs with the conser-
vation of pollinators and other non-target organisms, incorporating pol-
linator conservation into integrated pest management (IPM)
frameworks rather than seeing pesticide use per se as an antagonist of
conservation (Biddinger and Rajotte, 2015).

2.1. Pest pressure

A pest is “any organism that interferes with the activities or desires
of humans” (Norris et al., 2003). Species may acquire pest status by
competing with humans for food, transmitting disease, damaging the
structural integrity of buildings, undermining natural ecosystems, alter-
ing the aesthetics of an environment, or causing direct harm or
annoyance to humans. Pest status in a particular environment is a func-
tion of three main factors: the density of the pest, the relationship be-
tween pest density and damage, and the relationship between pest
damage and human values (Stern et al., 1959). Thus, pest status can
vary both with changes in the biophysical environment and with
changes in economic markets or other systems of human value. For ex-
ample, the advent of synthetic pesticides in themid-20th century in the
United Statesmade it possible tomarket unblemished fruits and vegeta-
bles. This altered consumer expectations and tightened food quality reg-
ulations such that blemished produce became unsalable, with the net
effect of further intensifying pesticide use (Pimentel et al., 1993).

While particular species have been eradicated or limited to low den-
sities (Hutchison et al., 2010), total pest losses in agriculture (the best-
studied realm of pest management) have remained surprisingly con-
stant since the advent of synthetic pesticides in the mid-20th century
(Oerke, 2006). Somewhat more success has been seen in the realm of
disease vector management, such as the suppression or eradication of
malaria mosquitoes in many regions of the world (Hay et al., 2004).
Pest management is a moving target in a changing socio-ecological sys-
tem: new pest species are introduced, existing pest species evolve resis-
tance, agricultural practices shift, human demand for resources
continues to grow, and the climate is changing (USGCRP, 2018). This
creates a steady demand for new pest management methods, including
novel pesticide chemistries and application technologies.
2.2. Pesticide availability: Development and regulation

The suite of pesticides to which pollinators are potentially exposed
varies through time as new products become available and existing
products are removed (Atwood and Paisley-Jones, 2017). While the
adoption of new pesticides is a responsive process driven by pest pres-
sure dynamics and regulatory changes, the initial discovery and devel-
opment of new active ingredients is largely prospective, impelled and
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constrained by market forces, industry structure, and the technical
rigors of the research and development process.

The discovery of new pesticides begins with the chemical synthesis
and biological screening of candidate molecules, often aided by com-
puter modeling. On average, 160,000 molecules are synthesized and
screened for every one molecule brought to market (Phillips
McDougall, 2016). Molecules showing desirable properties in the
screening phasemay be passed on to the development phase, which re-
quires the larger-scale production and formulation of candidate active
ingredients along with an extensive battery of laboratory, semi-field,
and field tests evaluating safety and efficacy. For products passing the
development phase, test results are compiled into a registration dossier
and submitted to regulatory agencies for review, where the product is
either granted or denied registration. Only after successful registration
can a product finally be commercialized andmade available to pesticide
users. Based on the most recent estimates, the path from discovery to
market for a single active ingredient requires, on average, over
11 years and over U.S. $286 million, and both these figures have risen
steadily from 1995 to 2014 (Phillips McDougall, 2016). Moreover,
even after a product has been brought to market, costs can continue to
accrue through additional testing stipulated by new regulations or reg-
istration review.

Any consideration of the pesticide discovery and development pipe-
line may also need to acknowledge the recent waves of horizontal and
vertical integration between firms in agrochemicals, seeds, biotechnol-
ogy, and precision farming. These integrations create a global agro-
chemicals market of which 80% is controlled by four multinational
corporations (Phillips McDougall Ltd., 2013). While industry represen-
tatives point to a “progressive increase in the number of different chem-
istries being simultaneously explored as the companies have become
larger” (Sparks and Lorsbach, 2017), other investigators observe a
“shrinking pipeline” for pesticide discovery and suggest that industry
consolidation has reduced the number of active ingredients undergoing
research and development by 60% between 2000 and 2012
(Schimmelpfennig et al., 2004; Phillips McDougall Ltd., 2016; Borel,
Fig. 2. Generalized schematic of tiered risk assessment for pollinators, with definitions of key te
process for assessing risks to bees from compounds for which exposure is deemed significa
Australian Pesticides and VeterinaryMedicines Authority, 2015;Normative Instruction 2, 2017).
ized laboratory studies. If risk estimates exceed regulatory threshold and cannot bemitigated or
may be required at Tier 2. Depending on the need for additional refinement, full-field studies o
2017). Increasing concentration and market power can decrease com-
petitive pressure to conduct discovery-oriented research and shunt a
greater proportion of research and development toward protecting
existing chemical products as they come off patent (Phillips
McDougall Ltd., 2013; Clapp, 2017).

The industrial process of pesticide discovery and development is
tightly coordinated with government regulation (Fig. 2). Pesticide
regulation developed over the course of the twentieth century, ini-
tially to set standards for pesticide purity in order to protect applica-
tors from dangerous or ineffective pesticides (e.g., U.S. Insecticide
Act of 1910), and later to reduce impacts on human health
(e.g., U.S. Federal Insecticide, Fungicide and Rodenticide Act
(FIFRA) of 1947) and the environment (e.g., U.S. Federal Environ-
mental Pesticide Control Act of 1972) (Fagerstone et al., 1990;
Chaffey and Dobozy, 2004; Jas, 2007). The emergence of pesticide
regulation has been a global phenomenon, but the scope and focus
of regulation varies by country (Pelaez et al., 2013). Beginning in
the 1990s there has been increasing harmonization of pesticide reg-
ulation betweenmember states of the Organisation for Economic Co-
operation and Development (OECD), particularly within
economically integrated markets such as among European Union
member states (Hussey and Bell, 2004) and North American Free
Trade Agreement partners (Chaffey and Dobozy, 2004). Neverthe-
less, while there exist broad international standards around pesti-
cide regulation through the International Code of Conduct on the
Distribution and Use of Pesticides (World Health Organization,
2014), there remains considerable heterogeneity in pesticide regula-
tion, which contributes to different patterns of pesticide use be-
tween countries and regions (Schreinemachers and Tipraqsa, 2012).

While toxicity to bees has been included in the evaluation of pesti-
cide environmental hazards since the 1970s, there is little evidence
that these early evaluations led to significant shifts and restrictions in
pesticide use. The first major restriction of pesticide use prompted by
concern for pollinator safety occurred in 1999, when France suspended
the insecticide fipronil and the neonicotinoid insecticide imidacloprid
rms. Regulatory authorities in Australia, Brazil, Europe, and North America rely on a tiered
nt (European Food Safety Authority, 2013; US Environmental Protection Agency, 2014;
Tier 1 evaluates the potential acute and/or chronic risk to adult/larval bees using standard-
refined, then higher-tier colony-level studies under confined conditions (e.g., enclosures)
f colonies (Tier 3) may be required. The process is intended to be iterative.
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applied as seed treatment to pollinator-attractive sunflower crops
(Suryanarayanan and Kleinman, 2014). Thiswas followed by amore ex-
tensive European Union-wide moratorium in 2013 on three
neonicotinoid insecticides (imidacloprid, clothianidin and
thiamethoxam) applied as seed treatments to pollinator-attractive
crops (European Commission, 2013); the 2015 withdrawal of registra-
tions of neonicotinoid active ingredients on Tilia shade trees in the
state of Oregon (Oregon Department of Agriculture, 2015); and a 2016
policy in the Canadian province of Ontario for restricting the use of
neonicotinoid seed treatments (Government of Ontario, 2016). Begin-
ning in 2012, United States Environmental Protection Agency
(USEPA), working in collaboration with Health Canada Pest Manage-
ment Regulatory Agency (PMRA) and the California Department of Pes-
ticide Regulation, developed a conceptual framework for quantifying
risks to bees, resulting in the 2014 harmonized Guidance for Assessing
the Risk of Pesticides to Bees (US Environmental Protection Agency,
2014). In 2013, USEPA ordered the revision of thousands of pesticide la-
bels to reduce acute exposure of bees to neonicotinoid insecticides at
bloom on crops requiring contracted pollination services. Currently,
USEPA is employing its new risk assessment process to evaluate four
neonicotinoid insecticides as part of the agency's mandated 15-year
re-assessment of registered pesticides. In January 2017, USEPA released
its Policy to Mitigate the Acute Risk to Bees from Pesticide Products,
which affects a broader range of pesticide classes (Fishel et al., 2017), fo-
cusing on pesticide use by agricultural applicators when beekeepers are
under contract to provide pollination services. The policy also tasks state
and tribal lead agencies to develop voluntary Managed Pollinator Pro-
tection Plans in order reduce overall pollinator exposure to pesticides.
Most recently, the European Union has issued a ban on all outdoor use
of neonicotinoid insecticides (The European Commission, 2018a,
2018b, 2018c), citing a European Food Safety Authority report
(European Food Safety Authority, 2018) concluding that the com-
pounds pose an unacceptable risk to bees (European Food Safety Au-
thority, 2018).

Finally, the use of pesticides depends not solely on the availability of
chemical products but also on the availability and cost-effectiveness of
non-chemical alternatives, including cultural (e.g. crop rotation), me-
chanical (e.g. trapping), biological (e.g. releasing predators/parasitoids),
and genetic (e.g. selective breeding, transgenics) techniques. For exam-
ple, in themanagement of Hessian fly inwheat, insecticide use has been
successfullyminimized by the use of resistant cultivars (genetic control)
alongwith cultural andbiological controlmethods (Schmid et al., 2018).
Similarly, themanagement of navel orangeworm in almonds relies prin-
cipally on the cultural methods of winter sanitation and timing of har-
vest, with insecticide use as a secondary option that can often be
avoided (Almond Board of California, 2011). The relationship between
non-chemical alternatives and insecticide use is not always simple,
though. The introduction of Bt transgenics (genetic control) in U.S.
corn in the 1990s led to a reduction in the mass of insecticides applied
(Osteen and Fernandez-Cornejo, 2013; Wechsler and Smith, 2018),
but also coincided with an expansion of the total area of corn treated
with insecticides via the adoption of neonicotinoid seed treatments
(Douglas and Tooker, 2015).

2.3. Information and values

Another approach to understanding current and historic patterns of
pesticide use is on the basis of the information and values of pesticide
applicators, farmers, land managers, and consumers. Methodologically,
this approach involves measuring individual knowledge and values,
along with market conditions (e.g., prices, availability), to understand
pesticide use outcomes. Some researchers have pointed out that there
is frequently a gap between knowledge of environmental problems
and the capacity to address them (Blühdorn, 2011; Stoner, 2014;
Melathopoulos and Stoner, 2015). One reason for this is that markets
for goods with negative externalities, such as pesticides, typically do
not value resources comprehensively. Furthermore, pest management
practices are continually changing, driven by factors that extend far
beyond the decision-making of individual applicators (Friedmann,
1982; Russell, 2004). The complexity of pest management decisions
has led some researchers to conclude that complexity itself incentiv-
izes the use of pesticides as a risk mitigation strategy (Castle et al.,
2009; Gent et al., 2013). Others have noted that pesticide reduction
is most successful when integrated within a broader strategy of reg-
ulatory change coupled with the development of effective and
reasonably-priced pest control alternatives (Goldberger et al.,
2013; Farrar et al., 2016).

A prominent area of research into how knowledge shapes pesti-
cide applicator decision-making centers on the sources of knowledge
used by applicators. In the US, the most widely used sources of infor-
mation on pesticides are crop consultants (Lichtenberg and
Zimmerman, 1999; Brodt et al., 2005; Goldberger et al., 2013). Crop
consultants are often affiliated with chemical sellers and primarily
paid through commission (though there are also independent con-
sultants). In a study of California almond growers, Brodt et al.
(2005) found that independent crop consultants communicated
more frequently with growers than crop consultants employed by
chemical sellers. They also found that growers who use independent
crop consultants tend to feel more knowledgeable about integrated
pest management (IPM) and report the use of more complex pest-
monitoring techniques and control practices than those who use
crop consultants employed by chemical sellers. The use of seller-
affiliated consultants was also greater among almond growers with
smaller orchards, but across all almond growers this particular
study did not find that the level of pesticide use differed based on
whether the consultant was independent or connected to a seller
(Brodt et al., 2005). Nevertheless, increased reliance on industry-
linked crop consultants could affect pesticide use decisions in other
settings. Public extension services, which are often considered an in-
dependent source of information, have experienced a decline in
funding over the past several decades (Pardey et al., 2013).

Integrated Pest Management (IPM)–a paradigm that uses knowl-
edge of pest biology and ecology in combination with a diversified
suite of pest management methods (including non-chemical methods)
to pursue economically viable pestmanagementwhile minimizing haz-
ard to humans and the environment–has been promoted since the
1970s as away to reduce pesticide use and associated non-target effects
on humans and the environment (Kogan, 1998). Nevertheless, despite
considerable investment in establishing decision-making tools and no-
table examples of success, such as pesticide reduction in cotton produc-
tion systems in developing countries (Russell, 2004), IPM does not
necessarily achieve aggregate reduction in pesticide use (United States
General Accounting Office, 2001; Devine and Furlong, 2007; Brewer
and Goodell, 2012). This lack of reduction in pesticide use can be attrib-
uted to the large amount of uncertainty associated with some pest and
disease forecastingmodels, which encourages prophylactic use of treat-
ments (Epstein and Bassein, 2003), as well as a lack of incentives for re-
searchers to develop better decision-making tools (Hokkanen, 2015).
Moreover, since pesticide prices have not risen as sharply as other in-
puts (e.g., labor), there is an incentive for precautionary pesticide use
to avoid other costs (Clark et al., 1998; Mauro and McLachlan, 2008;
Castle et al., 2009; Gent et al., 2013). Also, new technologies, particularly
incorporation of genes expressing insecticides and herbicide tolerance,
as well as seed treatments, emphasize pest or weed prevention and
are not clearly compatible with IPM principles (Hokkanen, 2015;
Tooker et al., 2017). Finally, there is considerable variation in how IPM
adoption and success are defined andmeasured; some of the lack of suc-
cess of IPM is likely related to overly broad definitions of IPM (United
States General Accounting Office, 2001) or cases in which IPM leads to
reductions in particular pesticides of concern (e.g. to human health)
without reducing the total quantity of pesticides applied (Epstein and
Zhang, 2014).
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Consumer concern over pesticide use and pesticide residues in food
has resulted in the rapid expansion of the market for organic foods,
globally valued at US $89.7 billion in 2016 (Willer and Lernoud, 2016),
as well as the restriction of certain pesticides by some conventional
food processors (Epstein and Bassein, 2003). Yet, these concerns not-
withstanding, there remains very low tolerance for cosmetic damage
to food (Castle et al., 2009), which pesticides help limit. Organic
Fig. 3. Spatiotemporal patterns of pesticide exposure for two hypothetical pollinator specie
pollinator activity level, and exposure in a hypothetical landscape at 4 snapshots in time.
pollinator activity. Temporal dynamics (above) are illustrated for a single focal patch (yello
pollinators, species A and B. Red and blue lines represent contamination levels for two hypoth
(not quantitatively, since the y-dimensional scaling of activity and contamination is arbitrary
activity. A case of exposure to overlapping applications of the compound X is illustrated at tim
at time 3 (purple fill). In this scheme, cumulative exposure would be the sum of exposure acro
producers are required to avoid the use of synthetic chemicals in crop
production and rely instead on biological pest management and non-
synthetic chemicals, such as lime sulfur (Greene et al., 2017). Although
natural pesticides are not necessarily safer simply by virtue of being
non-synthetic (Magkos et al., 2006), a literature review and meta-
analysis by Barański et al. (2014) finds a lower incidence of pesticide
residues in organically grown crops.
s and two hypothetical pesticides. Gridded squares represent pesticide contamination,
Exposure at a given time is the product of the overlap of pesticide contamination and
w box). Dotted and dash-dotted lines represent the activity level of two hypothetical
etical pesticides, compounds X and Y. Cumulative exposure is represented conceptually
) by shaded areas under the contamination curves where they intersect with pollinator
e 2 (darker red fill). A case of simultaneous exposure to compounds X and Y is illustrated
ss all spatial units (grid cells) and integrated over all time units.
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Case study 1
Responses to new pest pressures in Pennsylvania apple production.

Pennsylvania, USA, has a thriving apple industrywith 20,000 acres of
apple production raising N100 varieties of apples and generating
$117million annually in gross revenue (Pennsylvania Pollinator Pro-
tection Plan Task Force, 2017; USDA-NASS, 2018). Unlike some crops
wholly dependent on managed honey bees for pollination, more
than half of Pennsylvania's apple growers, including some large acre-
age operations, do not rent honey bees but instead rely upon wild
bees living in and around the orchards. Recent surveys have demon-
strated the commitment of Pennsylvania apple growers to adopting
management practices that support wild bee populations and their
pollination services (Park et al., 2018).
Motivated to maintain wild bee pollination services, farmers worked
with the Pennsylvania State University Fruit Research and Extension
Center to design amulti-faceted program that integrates pestmanage-
mentwith protection of pollinators–an IPMprogram inwhich pollina-
tor conservation is explicit (Biddinger and Rajotte, 2015)–to respond
to the region's heavy pest pressure. Pennsylvania apple growers face
more than two dozen major insect and mite pests as well as fungal
andbacterial pests. The IPMsystem theydesigned incorporates biolog-
ical controls, host plant resistance, pest monitoring and prediction
models, as well as highly specific pesticide applications, all with a goal
of protecting pollinators and other beneficial arthropods.
This system, however, will need to adapt as regulations change, new
pests emerge, and existing pests become resistant to pesticides.
When the rosy apple aphid (Dysaphis plantaginea), a pest that leads
to stunted and deformed fruit, became resistant to the insecticides
used for its control, the only commercially viable alternatives were
neonicotinoids, a class of insecticides linked with harm to pollinators
(Godfray et al., 2015). Penn State researchers developed approaches
tomanage the aphidwhile alsominimizing risk to bees byusing early
season application of the least toxic and shortest-lived neonicotinoid
on the market (acetamiprid). This approach ensured that the resi-
dues of the pesticide would fall below toxic levels by the time the
flowers opened, allowing growers to control rosy apple aphid while
protecting the wild bees that were pollinating their crops.
The brown marmorated stink bug (BMSB; Halyomorpha halys), native
to Asia, is a relatively new pest driving management decisions in east-
ern U.S. apple production. Growers' decisions will be driven at least in
part by information provided on effective control, regulation, and the
value they place on wild bee pollination services. Regulation plays a
role in this decision since the Food Quality Protection Act requires an
increased level of protection for childhood exposures to pesticides.
That requirement led to restrictions on the use of some broad-
spectrum insecticides, thus limiting the pesticide options available to
control BMSB in apple production. Remaining options include
neonicotinoids and some pyrethroids to which BMSB has not shown
resistance. Growers and researchers are designingmethods tomanage
BMSB, including both pesticide recommendations as well as biological
controls such as predatory sand wasps (Tribe Bembicini) and parasitic
tachinid flies that attack stink bugs.
As apple growers are honing their response to BMSB, they are also
preparing for spotted lanternfly (Lycorma delicatula), another inva-
sive Asian pest first found in Pennsylvania in 2014. Thus, strategies
for pollinator and pest management are constantly evolving. While
the emphasis on pollinator conservation in the context of IPM is a
promising approach to reconciling pollinator conservation with pest
control, it is not a “silver bullet”, as evidenced by the vulnerability of
even the best-designed IPM programs to novel pest outbreaks. This
underscores the opportunity for innovative and responsive collabo-
ration between researchers, extension agents, regulators, industry,
and stakeholders to develop and, when necessary, re-establish suc-
cessful IPM programs.
3. Pesticide exposure (Domain 2)

Spatiotemporal patterns of pesticide use, modified by chemi-
cal fate processes, translate into patterns of environmental con-
tamination. These, in turn, can produce spatiotemporal patterns
of pesticide exposure via interaction with the life-history traits
and activity patterns of pollinators (Simon-Delso et al., 2017)
(Fig. 3).

3.1. Pesticide use and environmental fate

Pesticide use as the output of Domain 1 can be understood as an
event dependent on ecological and societal processes. When pesti-
cide use becomes the input to Domain 2, however, it must be un-
derstood as a spatiotemporal pattern related to spatiotemporal
patterns of organisms and physical processes within agroecological
systems.

In agricultural settings, pesticide use varies by crop, resulting
in landscape-dependent pesticide use patterns (Yang et al.,
2015; Meehan and Gratton, 2016), and corresponding heteroge-
neity of pollinator exposure (Brittain et al., 2010; Hladik et al.,
2016; Tsvetkov et al., 2017). The quality of data documenting agri-
cultural pesticide use patterns varies regionally. The California
Pesticide Use Reporting (PUR) program is, to our knowledge,
unique in its documentation of per-field pesticide use at an hourly
temporal resolution. More commonly, agricultural pesticide use
data are available only in spatially and temporally aggregated
forms, such as the annual county- and state-level data maintained
by the U.S. Geological Survey's Pesticide Synthesis Project. In other
cases, data are also aggregated across compounds so that individ-
ual active ingredients cannot be traced (European Commission,
2017), and in some regions data may be lacking entirely or not
made publicly available. In addition to this variation in precision
and availability, pesticide use data vary in the metrics considered,
e.g. pesticides sales, amount of land area treated, mass of product
applied.

Knowledge of non-agricultural pesticide use (e.g. cosmetic plant
protection, vector control, structural pest control) is largely anec-
dotal, but available evidence suggests that non-agricultural pesticide
use is widespread and, when undertaken by non-professionals, fre-
quently in violation of regulation. The United Kingdom's Amenity
Pesticide Use survey (Garthwaite et al., 2018) indicates that the use
of herbicides in weed control dominates overall non-agricultural
pesticide use, but this survey captures only pesticide use by profes-
sional applicators. Surveys in California and Minnesota indicate
that pesticides-most commonly insecticides–are stored in nearly all
residential homes (Adgate et al., 2000; Wilen, 2002; Flint, 2003;
Guha et al., 2013), and that while most home pesticide users read la-
bels, the majority do not measure their pesticide applications pre-
cisely, and many dispose of unused pesticide improperly (Wilen,
2001, 2002; Flint, 2003). Surface water residue data suggest that
the intensity of pesticide use in urban areas may sometimes exceed
that of agricultural areas (US Geological Survey, 2007), and for
some pesticides, labeled application rate can be much higher for
non-agricultural than for agricultural use (Hopwood et al., 2016). Py-
rethroid insecticides associated with mosquito abatement were
found to be a major contaminant of pollen collected by honey bees
in Indiana (Long and Krupke, 2016), and a large bee-kill occurred
in South Carolina in 2016 after an aerial application of an organo-
phosphate insecticide was made in response to fears of mosquito-
borne Zika virus (Guarino, 2016). A comparison of bumble bee pesti-
cide exposure in urban and agricultural landscapes in the U.K. found
that, while overall pesticide exposure was higher in agricultural
landscapes, bumble bees in urban landscapes exhibited high levels
of certain pesticides, particularly neonicotinoid insecticides (Botías
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et al., 2017). Cosmetic use of neonicotinoids on Tilia trees has led to
documented bumble bee kills, including one incident in Oregon in
2013 when the use of dinotefuran on flowering Tilia trees killed an
estimated 50,000 bumble bees (Xerces Society, 2013). Thus, while
patterns linking landscape composition to non-agricultural pesticide
use may be difficult to ascertain, available evidence suggests that
pollinators may be impacted by such use, and systematic study of
non-agricultural pesticide use is lacking.

Patterns of pesticide use, however, provide only a snapshot of
pesticides in the environment. Once applied, a pesticide is subject
to environmental fate processes that determine its movement and
persistence in the environment. Thus, the patterns of environmental
contamination with which pollinators potentially intersect are both
spatially and temporally dynamic, determined by interactions be-
tween pesticide use patterns, environmental conditions (e.g. tem-
perature, moisture, microbial activity, soil composition), and the
physicochemical properties (e.g. hydrophilicity, volatility, reactiv-
ity) of the pesticides applied (Flury, 1996; Arias-Estévez et al.,
2008; Bonmatin et al., 2015).

3.2. Pollinator behavior and life history

Pesticide use, fate dynamics, and environmental conditions de-
termine the spatiotemporal patterns of pesticide contamination in
the environment. Connecting patterns of contamination to patterns
of pollinator exposure, however, requires an understanding of the
behavioral and life history traits that govern the interactions be-
tween pollinators and their environment, and hence the spatiotem-
poral intersection between pollinators and environmental
contaminants (Sponsler and Johnson, 2017; Kopit and Pitts-Singer,
2018).

3.2.1. General behavioral and life history traits
Pollinator behavioral traits can be parsed in many ways, but we

highlight four trait classes that are especially relevant to pesticide
Table 1
Summary of behavioral and life history traits of selected insect pollinators.

Foraging

Guild Localization Range (m) Diet breadth

CP† non-CP <500 500-3000 >3000 specialist g

honey bees

stingless bees

bumble bees

other bees

social wasps

solitary wasps

other insect pollinators* NA NA NA

*principally flies, butterflies and beetles: taxa distinguished by non-central-place foraging b
†central-place
‡may refer either to perennial colonies (e.g. honey bees) or annual colonies that are active

*Principally flies, butterflies and beetles: taxa distinguished by non-central-place foraging beha
†Central-place.
‡May refer either to perennial colonies (e.g. honey bees) or annual colonies that are active thro
exposure: foraging behavior, nesting behavior, phenology, and
sociality.

Foraging behavior in pollinators varies in terms of localization
(central-place vs. non-central-place), range (b100 m to N10 km),
and diet breadth (ranging from highly specialized to highly gener-
alized). An important corollary of non-central-place foraging is
that juveniles, lacking a nest, are free-foraging rather than provi-
sioned by adults, multiplying potential routes of juvenile pesticide
exposure. Foraging range, strongly correlated with body size in
bees (Greenleaf et al., 2007), influences how much of the environ-
ment a pollinator interacts with and, therefore, its extent of inter-
section with environmental contaminants. Diet breadth similarly
constrains environmental interactions. It is likely that long forag-
ing range and broad diet breadth, as exemplified by honey bees,
contribute to simultaneous exposure to multiple pesticides
(Mullin et al., 2010), but these traits may also have the effect of di-
luting dietary pesticide exposure by the combination of contami-
nated and uncontaminated sources (Baveco et al., 2016).
Conversely, shorter foraging range and narrower diet breadth
make pesticide exposure dependent, for better or worse, on a
smaller subset of the environment. It must be noted, though, that
both foraging range (Couvillon et al., 2014) and diet breadth
(Fontaine et al., 2008) can vary facultatively based on resource
availability.

In pollinators that form nests, nesting behavior includes wax
comb construction (honey bees, bumble bees (Bombus spp), sting-
less bees), subterranean burrows (non-Apis bees and wasps),
above-ground cavities (non-Apis bees and wasps), and various
uses of leaves and flowers (e.g. nest cell lining in Megachilid
leafcutter bees), wood pulp (e.g. carton nest construction by social
wasps), and plant resins (e.g. nest sealing honey bees and resin
bees). Each of these nesting substrates presents a potential source
of pesticide exposure (Kopit and Pitts-Singer, 2018).

In terms of phenology, the majority of pollinators have discrete
seasonal activity periods, but some remain active throughout the
Nesting Phenology Sociality

eneralist wax soil plant seasonal continuous‡ nonsocial
weakly
social

highly
social

NA NA NA

ehavior and free-foraging larvae

 throughout all or most of the growing season (e.g. bumble bees)

vior and free-foraging larvae.

ughout all or most of the growing season (e.g. bumble bees).
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growing season (bumble bees and certain wasps, flies, and butter-
flies) or even perennially active (honey bees, stingless bees, and
certain wasps). Analogous to the relationship between foraging
range, diet breadth, and spatial interaction with the environment,
a pollinator's phenology determines the temporal interval of the
environment with which it interacts, and where this interval
falls with respect to the timing of pesticide application is critical
for determining exposure.

Finally, while most pollinators are solitary, some species live in
social groups. Social behavior has been characterized extensively
in bees (Michener, 1969) and wasps (Ross and Matthews, 1991),
but for the purposes of the present discussion pollinators can be
coarsely classified as nonsocial (either strictly solitary or weakly
associated), weakly social (e.g bumble bees), or highly social
(e.g. honey bees). In nonsocial pollinators, pesticide exposure de-
pends only on the behavior of the individual. In social species,
nestmates share common food stores, meaning that dietary pesti-
cide exposure is potentially both propagated and diluted. In most
advanced social species, like honey bees, the extent of food shar-
ing is such that the colony can be described as sharing a “common
stomach” (Schmickl and Karsai, 2017), which may buffer individ-
uals against high pesticide exposure while ensuring that virtually
no colony members escape exposure entirely (Sponsler and
Johnson, 2017).

Given the estimated 347,000 insect pollinator species
(Ollerton, 2017), a general inquiry into the link between pollina-
tor behavior and pesticide exposure benefits from the aggrega-
tion of major pollinator species into trait-based guilds. An
example of this approach is shown in Table 1, where major insect
pollinator groups are grouped into seven categories. This classifi-
cation, while intended as a preliminary illustration of concept,
immediately suggests some practical generalizations. For exam-
ple, highly social honey bees and stingless bees differ from their
less social pollinators not only in sociality but also in nesting sub-
strate, with implications for potential exposure routes (Kopit and
Pitts-Singer, 2018). For the minority of pollinators with continu-
ous activity, studying exposure with respect to temporally aggre-
gated pesticide use may be warranted, but for the majority of
species, specifying the temporal intersection between pollinator
activity and pesticide use is indispensable. Non-central place pol-
linators present qualitatively different challenges in studying
pesticide exposure, since they are not tied to any particular land-
scape, their larvae are free-foraging, and they are phylogeneti-
cally diverse and far removed from their Hymenopteran
counterparts.
3.3. Patterns of exposure

Thus far, our discussion of exposure has emphasized the practi-
cal need for generalization, both of pesticide use patterns as a func-
tion of landscape (3.1) and of pollinator behavior and a life history
(3.2). Such generalizations are helpful and necessary for broad
heuristics and for the design of multi-species risk assessment
schemes (European Food Safety Authority, 2013). In any particular
exposure scenario, however, it is the specifics of pesticide use and
pollinator behavior that determine exposure. Fine-scale questions
must be answered: which pollinator taxa are conservation priori-
ties, where is the intersection between pesticide application and
pollinator-attractive flora, how does the timing of pesticide appli-
cation relate to the seasonal and daily activity of pollinators
(Fig. 3)? The specific patterns of exposure–timing, duration, com-
binations of compounds–that arise from these fine-scale interac-
tions are instrumental in determining pesticide effects, and their
study is one of the most challenging frontiers of pesticide-
pollinator science.
Case study 2
Pollinator exposure to seed treatment neonicotinoids.

In 2008, a nascent invasion of the western corn rootworm (Diabrotica
virgifera virgifera, LeConte) in Germany (Hummel et al., 2005)
prompted an emergency authorization of the neonicotinoid insecti-
cide clothianidin to be applied at a high rate (125 g/ha) as a seed
treatment in corn (Forster, 2009). During the planting of
clothianidin-treated corn, honey bee (Apis mellifera) poisoning inci-
dents were reported, affecting over 11,000 colonies, and clothianidin
was soon confirmed to be the causal agent (Forster, 2009; Pistorius
et al., 2009). This prompted an investigation into the question of
how bees could be exposed to a seed treatment insecticide during
the planting process, and the results of that investigation illustrate
the importance of understanding the spatiotemporal patterns of pes-
ticide use, environmental fate, and pollinator activity. The spring of
2008 exhibited a climatic anomaly that caused oilseed rape and other
bee-attractive crops, frequently located adjacent to corn fields, to
bloom simultaneously with corn planting (Forster, 2009; Nikolakis
et al., 2009). Thus, the spatiotemporal distribution of foraging bees
was brought into alignment with the spatiotemporal distribution of
clothianidin use. But even so, how is it that foraging bees could be ex-
posed to a pesticide adhered to seeds? This is a question of environ-
mental fate. During the planting process, the seed treatmentmaterial
sloughed off the seed surface and became mobilized as small, air-
borne particles (Pistorius et al., 2008), a phenomenon first docu-
mented by Greatti et al. (2003). In the German incident, the
dispersal of these particles was aided by unusually dry and windy
conditions (Forster, 2009; Nikolakis et al., 2009) and further exacer-
bated by quality control shortcomings during the initial application
of the seed treatments (Nikolakis et al., 2009). Subsequent research
would show that these particles both drift onto neighboring vegeta-
tion and form plumes of toxic dust in the immediate vicinity of run-
ning planters (Krupke et al., 2012; Girolami et al., 2012), generating
both floral contamination and aerial contact routes of exposure for
foraging bees. While an incident of comparable magnitude to the
German bee kill of 2008 has not been documented since, incidents
of honey bee mortality during the planting of neonicotinoid-treated
corn seed have been reported in France (Alix et al., 2009), Slovenia
(Alix et al., 2009; van der Geest, 2012), Italy (Bortolotti et al., 2009),
the U.S. (Krupke et al., 2012), and Canada (Health Canada, 2013).
Moreover, several additional routes of exposure have been identified,
including themovement of seed-applied neonicotinoids into the sur-
rounding soil and nearby growing flowering weeds (Krupke and
Long, 2015).

4. Pesticide effects (Domain 3)

Having explored themore obscure domains of pesticide use and ex-
posure, we come now to pesticide effects, the domain of pesticide-
pollinator science that enjoys by far the richest empirical support.
Even here, though, our knowledge is incomplete, particularly with re-
spect to linking organismal effects to higher-order effects on colonies,
populations, and ecosystems, and understanding whether and how
these effects feedback, by accident or design, upon the pesticide use
drivers of Domain 1.

4.1. Toxicity and effects on individual pollinators

Pesticides can exert sublethal and lethal effects on individual polli-
nators, and the type and extent of these effects vary with exposure
level, duration, and route (ingestion, contact, inhalation) (see Domain
2); themode of action of the pesticide; interactions between pesticides;
the developmental and physiological state of the pollinator; and the
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species of pollinator. Moreover, these effects are not caused only by in-
secticides specifically designed for insect toxicity; other pesticides, such
as fungicides and herbicides, can also be toxicologically relevant to pol-
linators. Furthermore, many adjuvants included in pesticide formula-
tions can synergize active ingredients or even possess intrinsic toxicity
(Mullin, 2015), with documented effects including impaired learning
and memory (Ciarlo et al., 2012) and increased viral titers (Fine et al.,
2017). Published studies of the “inert” ingredients in formulations are
quite limited, though, so we will focus our review on active ingredients.

The most commonly used insecticides are neurotoxic compounds,
such as organophosphates, carbamates, pyrethroids, phenylpyrazoles,
and neonicotinoids. Organophosphates and carbamates are potent in-
hibitors of the enzyme responsible for deactivating acetylcholine (ace-
tylcholinesterase, AChE); pyrethroids destabilize the voltage-gated
sodium channels within neurons; fipronil blocks the γ-aminobutyric
acid (GABA) and glutamate gated chlorine channels; and neonicotinoids
bind to the postsynaptic nicotinic acetylcholine receptors (nAChRs). In
every case, there is over-stimulation of the nervous system leading to
loss of coordination, paralysis, and death. Certain fungicides can also
be harmful to pollinator health, although the exactmechanism of action
is unknown. For example, the fungicide captan, which inhibits cell divi-
sion in a broad spectrum of fungi, can be acutely toxic to Osmia lignaria
at field relevant concentrations (Ladurner et al., 2005) and can induce
larval mortality and developmental malformations in honey bees
(Atkins and Kellum, 1986; Mussen et al., 2004), while the fungicide
boscalid can lead to chronic and cumulative toxicity in adult honey
bees (Simon-Delso et al., 2018). Indirect effects of fungicides on pollina-
tors include alteration of patch-level floral displays in some plant spe-
cies due to impacts on mycorrhizae, which can in turn alter pollinator
visitation (Cahill Jr et al., 2008). As for herbicides, although they target
physiological pathways specific to plants, they have the potential to in-
terferewithmetabolic and reproductive processes in pollinators aswell.
For instance, paraquat is highly toxic to honey bees when applied topi-
cally (Moffett et al., 1972) and 2,4-D and 2,4-trichlorophenoxyacetic
acid can negatively influence brood development (Morton and
Moffett, 1972). The herbicide glyphosate targets a pathway (5-
enolpyruvylshikimate-3-phosphate synthase) found not only in plants
but in certain bacteria of the gut microbiome of honey bees, and expo-
sure to glyphosate under laboratory conditions can perturb honey bee
gut microbiota (Motta et al., 2018), impair honey bee larval develop-
ment (Dai et al., 2018; Vázquez et al., 2018), and alter various aspects
of behavior and physiology (Herbert et al., 2014; Helmer et al., 2015).
The primary impact of herbicides on pollinators, however, is their neg-
ative effect on the availability of flowering plants, reducing pollinators'
Fig. 4. Priorities for pesticide-pollinator scholarship. Priorities 1–3 pertain to their respective d
system.
nutritional resources and potentially exacerbating the impacts of other
stressors (Freemark and Boutin, 1995; Bohnenblust et al., 2016).

As there are a broad range of pesticides in use, pollinators are often
not exposed to a single pesticide alone but receive multiple exposures,
both simultaneously and in sequence, to a cocktail of chemicals arising
from both agricultural and non-agricultural use (Mullin et al., 2010;
Berenbaum, 2016; Long and Krupke, 2016) with some combinations
producing greater than additive effects. For example, the toxicity of cer-
tain insecticides (e.g. neonicotinoids and pyrethroids) can be enhanced
in the presence of demethylation-inhibiting (DMI) fungicides (e.g.
epoxiconazole, tebuconazole, prochloraz) (Pilling et al., 1995; Iwasa
et al., 2004; Sgolastra et al., 2017) because the fungicide inhibits the
P450 enzymatic detoxificationmechanism such that the insecticide res-
idues are metabolised more slowly. This effect is dose dependent, how-
ever, and the magnitude of synergism in field exposure scenarios is
uncertain (Thompson et al., 2014). Likewise, some acaricides routinely
used to control Varroa mites in honey bee hives, which are detoxified
by P450s (e.g. tau-fluvalinate, coumaphos, and fenpyroximate), may in-
teract with P450-inhibiting DMI-fungicides, potentially increasing tox-
icity due to additive or synergistic effects (Johnson et al., 2013).
Therefore, the real toxic challenge encountered by pollinators in the
field may be hard to predict from single-compound laboratory studies.

4.2. Propagating effects to colonies, populations, and systems

Effects on individual pollinators can result in higher-order effects on
colonies (in the case of social species) and populations of both social
and solitary species, potentially leading to ecosystem-scale effects on pol-
lination services, pollinator biodiversity, and apicultural productivity. The
propagation of effects through these levels of organization is arguably the
most difficult aspect of pesticide-pollinator science, or indeed of toxicol-
ogy at large, but also one of the most important, for these higher orders
of effect are where human interest is most vested, where ecological func-
tion is most at stake, and where regulatory criteria are defined.

Ankley et al. (2010) formalized an “adverse outcome pathway” for
ecological risk assessment that involves identifying an impact at a
lower level of organization (such as a change in activity of biosynthetic
enzymes, neurons, or key signaling pathways) that can predict out-
comes at a higher level of organization. Quantitatively linking changes
at one level of organization (e.g., changes in enzymatic activity) to an-
other (e.g., crop pollination) is, however, extremely challenging (Rohr
et al., 2016). First, even the impact of a pesticide with a well-defined
molecular target in an individual organism can have unexpected im-
pacts: for example, neonicotinoids primarily interfere with neuronal
omains, while priority 4 integrates across domains and transcends the boundaries of the
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activity, but sublethal exposure to neonicotinoids can impair immune
responses and lead to increased viral titers in honey bees (Di Prisco
et al., 2013). Second, it is difficult to predict the type and magnitude of
change that needs to occur at one level of organization (e.g. molecular)
to impact consistently a higher level of organization (e.g., population).
Third, there aremany factors that canmodulate the likelihood andmag-
nitude of an adverse effect that exposure to a pesticide may have on an
individual or social group, such as howhard anorganismhas towork for
its food (Mommaerts et al., 2010) or the type of landscape it inhabits
(Park et al., 2015), and it is challenging to quantify accurately all these
factors in the environment and integrate them into a predictive model.

To illustrate the importance and difficulty of translating pesticide ef-
fects across different levels of biological organization, one can consider
the well-studied phenomenon of pesticide effects on the foraging be-
havior of bees and how these effects may lead to cascading effects at
other levels of biological organization, including impacting ecological
outcomes that are relevant to stakeholders, regulators, and the public.
High exposures to pesticides can cause acute mortality of foraging
bees, while lower levels of exposure can impair foraging bees' ability
to locate nectar and pollen resources and return them to the nest (Gill
et al., 2012; Feltham et al., 2014; Balbuena et al., 2015).Moreover, expo-
sure of developing brood to pesticides can reduce foraging ability and
lifespan of adult bees (Tsvetkov et al., 2017). This can reduce the repro-
ductive output of solitary bees, as the offspring are entirely dependent
on the foraging activities of their mother (Zurbuchen et al., 2010), as
well as in social bees with smaller colonies such as bumble bees
(Rundlöf et al., 2015). For social bees, the colony can, to some extent,
compensate for a loss of foragers or reduced intake of food by recruiting
additional bees to the foraging force (Barron, 2015) or reinvesting re-
productive output in new workers (Henry et al., 2015). However, as
has been demonstrated for honey bees, these newly recruited bees are
not as efficient as experienced foragers andmay bemore subject to pre-
dation, necessitating the recruitment of evenmore new foragers (Perry
et al., 2015). Thus, if a colony is exposed to pesticides over a long period
of time, these processes can lead to small colonies that do not reach a
sufficient size to produce reproductives or survive harsh conditions
(such as winter). A severe imbalance of colony demographics may
even result in collapse of the colony (Barron, 2015).

Tracing these effects to the levels of population or ecosystem, how-
ever, is more challenging. In this regard, the best-studied scenario is bee
exposure to neonicotinoid insecticides, though it must be acknowledged
at the outset of this discussion that the effects of neonicotinoid exposure
above the level of the individual–and the ability tomeasure these effects–
are contingent on multiple and interacting drivers, and many field-scale
studies have found no detectable effects (Godfray et al., 2014, 2015).
We focus on studies where effects were detected so as to demonstrate
the potential for effects propagation while acknowledging that none of
these studies establishes a universal cause-and-effect relationship. Exper-
imental studies using field-based exposure have found a significant re-
duction in reproductive output in solitary bees and colony size and
reproductive output in bumble bees (Rundlöf et al., 2015; Woodcock
et al., 2017).Whether these produce true population responses is not cer-
tain, but such measures of demographic parameters are, in most cases,
the closest proxy available for measures of population response. Effects
on honey bee colonies are more variable, and likely dependent on other
drivers of colony health (Rundlöf et al., 2015; Woodcock et al., 2017), al-
though a long-term study of trends in the U.K. found a correlation be-
tween honey bee colony losses and imidacloprid seed treatments of
oilseed rape (Budge et al., 2015). Similarly, long-termpopulation declines
have been observed in wild bee species preferentially feeding on crops
that use neonicotinoid seed treatments, relative to other bee species
(Woodcock et al., 2016). In terms of ecosystem services, bumble bee col-
onies exposed to sublethal field-relevant concentrations of
neonicotinoids provided lower pollination services to apple, likely a result
of an overall reduction in foraging force (Stanley et al., 2015). In some
cases, however, insecticide use is associated with declines in pollinator
abundance while at the same time pollination services to focal crops are
increased (Brittain et al., 2010). Thus, the impact on crop yield is an inter-
action between pollinators and pest control (Lundin et al., 2013;
Melathopoulos et al., 2014). Moreover, the economic consequences
even of severe pollinator losses may be difficult to predict, as evidenced
by the apparent robustness of most pollinator-dependent crop markets
in the U.S. to high annual loss rates in managed honey bees (Ferrier
et al., 2018). Such complex articulation of ecological with economic
drivers underscores the necessity of transdisciplinary science and respon-
sive dialogue between scientists, policymakers, agricultural practitioners,
and the public.

Case study 3
Voluntary adoption of pollinator best management practices by Califor-
nia almond growers.

Can an understanding of pollinators' value to crop production and the
risks of pesticide exposure to pollinator health (Domain 3) induce
changes in pesticide use practices (Domain 1)? California almond is
the largest pollinator-dependent crop in North America, relying on
over 2millionmanaged honey bee colonies annually to pollinate over
1,000,000 acres of bearing orchards. As in the case of Pennsylvania ap-
ples, growers are keenly aware of the dependence of yield on pollina-
tion services provided by bees. The Almond Board of California–in
collaboration with beekeepers, regulators, registrants, the non-profit
organization Project Apis m., and University of California Cooperative
Extension–developed self-regulated best management practices
(BMPs) that lay out practical steps almond growers can take together
with beekeepers to promote bee health on their orchards and in the
surrounding landscapes (AlmondBoard of California, 2014). Although
these BMPs include a range of elements, amajor focus is the reduction
of pesticide exposure of bees in orchards. In addition to basic steps
like avoiding prophylactic pesticide use and minimizing direct
spraying of beeswhile on the crop, the BMPs exemplify consideration
of bee behavior (Domain 2) by stipulating that clean water sources
(used by honey bees to thermoregulate their colonies) be provided
in orchards while honey bee colonies are present. The BMPs also ac-
count for the importance of information and values in driving human
decision-making (Domain 1) by using multi-tiered implementation
and information transfer to reach as broad an audience as possible
and encourage widespread adoption. BMPs are presented over multi-
ple years at annual industry conferences, guidelines are provided in
condensed form for in-field reference, and specific applicator sheets
are provided in streamlined form in multiple languages. Throughout,
a central emphasis is the importance of communication between bee-
keepers and growers in the design and implementation of pest man-
agement plans.
The development of these BMPs has improved both communication
between stakeholders and in-orchard conditions for managed honey
bees, with grower sustainability surveys showing that 94% of
growers coordinate pest control with their beekeepers and 93% of
growers provide clean water for bees while they are present in the
orchard (Almond Board of California, 2017). Several factors favored
the development and successful adoption of BMPswithin the almond
context: (1) growers and beekeepers most often have contractual
agreements under which hives are rented for pollination, encourag-
ing mutual accountability; (2) the State maintains mandatory
reporting records of pesticide (including insecticide, fungicide, herbi-
cide) application by commercial farms from the smallest
community-supported agriculture operations to the largest corpora-
tions, thus there is accountability and traceability related to potential
exposure; (3) bees are in high demand so poor compliance (exposure
of bees) by growers might jeopardize future pollination services;
(4) beekeeper livelihood strongly depends on the almondpollination
event so beekeepers are highly motivated to work with the growers
and BMPs provided.
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5. Application and conclusion

The science of pesticides and pollinators suffers from vast gaps, not
just in data but in theory, communication, and practice. A new genera-
tion of pesticide-pollinator scholarship could provide both a synthesis
and set of applications, informed by the structured relationships
depicted in our framework. Specifically, we highlight four possible pri-
orities (Fig. 4). Following Stember's (Stember, 1991) typology, priorities
1–3 are domain-specific and can be undertaken with approaches rang-
ing from intradisciplinary to interdisciplinary, while priority 4 tran-
scends not only our domain boundaries, but even the boundaries of
our overall framework, requiring fully transdisciplinary scholarship.

5.1. Priority 1: Stakeholder engagement

Calls for action regarding pesticides and pollinators tend to emphasize
the need for research and regulation. As our framework makes clear,
though, pesticide effects on pollinators lie downstream from the legiti-
mate need of stakeholders to manage pests, the management options
available to them, and the factors influencing their decisions. The frame-
work highlights the importance of developing diverse and effective pest
management techniques that meet stakeholder needs while minimizing
risk to pollinators and other non-target organisms (Biddinger and
Rajotte, 2015). Such efforts to balance multiple objectives could benefit
from engaging stakeholders in ways that are more inclusive of their ex-
pertise and attentive to historically shaped dynamics of power, conflict
and cooperation between university scientists, beekeepers, farmers, and
chemical industry representatives (Suryanarayanan, 2015). In the U.S.,
stakeholder engagement often occurs through public extension services,
which have experienced declines in funding and to a lesser extent in per-
sonnel over the past several decades (Pardey et al., 2013). Comprehen-
sively addressing the pesticide-pollinator relationships illustrated in this
paper may broaden the focus of pollinator extension services to include
pollinator health in addition to issues related to apiculture and crop pol-
lination, as was the case in Oregon in 2016 with the creation of a pollina-
tor health extension position at Oregon State University. Inter-
institutional bodies that span the diverse domains needed to address pol-
linator health may help further facilitate an exchange of information and
expertise at national or regional levels. In all these cases, however, the
ability of these extension efforts to document a reduction of pollinator ex-
posure to pesticides while achieving effective pest management will be
critical for informing policy-makers looking to address existing conflicts
around pollinators (Melathopoulos and Sagili, 2016).

Amid the decline of public extension services and the concomitant
rise of industry-linked private consulting, there has also been an in-
creasing role of non-governmental organizations (NGOs) that advise
land managers around pollinator health. The growth and influence of
these initiatives over the past decade signal the importance of these ac-
tors in helping land managers to reduce non-target pesticide exposure.
More work needs to be done to understand how NGOs and more tradi-
tional extension servicesmightwork together to provide landmanagers
with financially disinterested consultation while providing appropriate
formsof accountability to industry-linked private consultants. Given ap-
propriate accountabilitymeasures, theremay also be a legitimate role of
industry-linked consultants in guiding the safe and effective use of their
products and encouraging ecological stewardship more broadly.

5.2. Priority 2: Mechanistic exposure modeling and descriptive natural
history

At present, pesticide use (Domain 1) and pesticide effects (Domain
3) are held together tenuously by the complex and relatively obscure
phenomenon of pesticide exposure (Domain 2). The science of exposure
is still crude for honey bees (Sponsler and Johnson, 2017), nascent at best
for wild bees (Kopit and Pitts-Singer, 2018), and practically non-existent
for non-bee pollinators. The key to elucidating the mechanisms of
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pollinator pesticide exposure is understanding it not as a simple event
but as a complex intersection of spatiotemporal patterns. One promising
way forward is the development ofmechanistic simulationmodels to for-
malize the heuristics of exposure and enable in silico prediction and ex-
perimentation at scales infeasible for field studies. Some early progress
has been made in this effort (Baveco et al., 2016), and ongoing efforts
are underway (Rortais et al., 2017). Much can be learned by looking out-
side the field of pollinator ecotoxicology to find examples of mechanistic
exposure models in other organisms, including both wildlife (Pastorok
et al., 1996) and humans (Loos et al., 2010). Perhaps less obvious, but
no less important, is the need for renewed emphasis on descriptive natu-
ral history (Tewksbury et al., 2014), particularly of pollinator species rep-
resentative of functional guilds (Table 1). Computationalmodeling is built
on the foundation of descriptive natural history, and a deficit of the latter
with respect to the majority of pollinator species and plant-pollinator re-
lationships leaves modelers with the difficult task of simulating behavior
that has yet to be described.

5.3. Priority 3: Mechanistic effects modeling and longitudinal monitoring

The most salient challenge of Domain 3 is understanding the propa-
gation of effects across levels of organization, from the molecular level
at which pesticides exert their direct effect to the ecosystem level at
which protection goals are defined. This can be understood as an exten-
sion of the adverse outcome pathway framework (Ankley et al., 2010)
to system-level outcomes beyond the levels of organism and popula-
tion. In regulatory language, this is the challenge of linkingmeasurement
endpoints to assessment endpoints to protection goals (Fig. 2). Effects
propagation is a challenging topic to study empirically, though there
are notable examples of studies that have successfully linked effects
across levels of organization (Rundlöf et al., 2015; Tsvetkov et al.,
2017; Overmyer et al., 2018). A promising complement to empirical ef-
fects propagation studies is in silico mechanistic effects modeling
(Becher et al., 2013; Henry et al., 2017). There is a relatively long tradi-
tion of honey bee colonymodeling (Becher et al., 2013), culminating re-
cently in the versatile BEEHAVEmodel, which can incorporate pesticide
exposure alongside a broad suite of other stressors to influence colony
demographics, productivity, and survival (Becher et al., 2014; Rumkee
et al., 2015; Thorbek et al., 2017). Colony- and population-level bumble
bee modeling has also undergone a recent renaissance (Bryden et al.,
2013; Crone and Williams, 2016; Cresswell, 2017; Banks et al., 2017;
Becher et al., 2018). Mechanistic effects models for other insect pollina-
tors, though, have lagged behind. Particularly useful could bemodels fo-
cusing on colony-level effects in stingless bees, which provide valuable
pollination services in many tropical systems (Meléndez Ramírez et al.,
2018), and population-level effects in solitary bees, which comprise the
vast bulk of global bee biodiversity (Michener, 2000) and may be likely
more vulnerable to pesticide-driven decline than their social counter-
parts (Rundlöf et al., 2015). An even greater challengewill be extending
thesemodeling efforts from colonies and populations to the ecosystem-
level outcomes of biodiversity, pollination services, and apicultural pro-
ductivity. Due to its trans-domain scope,wewill return to this challenge
in the context of Priority 4.

Analogous to the relationship between exposure modeling and de-
scriptive natural history, population-level modeling relies on long-
term monitoring data of pollinator populations (Lebuhn et al., 2013;
Goulson et al., 2015).While the costs of long-termmonitoring programs
are not trivial, they may be justified by the economic and ecological im-
portance of pollinators (Lebuhn et al., 2013) and by the high demand for
monitoring data from both research and regulatory communities
(Lindenmayer and Likens, 2010).

5.4. Priority 4: Full-cost accounting

Full-cost accounting is an approach that aims to make explicit
(though not necessarily to monetize) the total effect of a phenomenon
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on the network of values in which it participates. For example, a
grower's decision to apply pesticides typically balances the benefits
provided to the grower against the costs they incur, i.e. a private de-
cision based only on costs and benefits to the grower. These deci-
sions, however, may not account for the full suite of goods and
services that are influenced by the use of pesticides, i.e. the external-
ities, and it is these externalities that full-cost accounting aims to elu-
cidate. With IPM approaches (Case studies 1 and 3), farmers may
generate positive externalities (e.g. regional pollinator biodiversity,
pollination service availability, apicultural production) while incur-
ring all costs themselves. In contrast, conventional pesticide use
may achieve favorable outcomes for individual farmers while failing
to account for negative external impacts on regional pollinator diver-
sity, pollination services, and apiculture. This ecological and eco-
nomic interdependence among farmers, beekeepers, and wild
pollinators complicates farmer incentives to adopt IPM practices,
but also generates opportunities for cooperative action among stake-
holders, potentially catalyzed by government regulation and/or
incentivization, to increase net social benefits relative to manage-
ment based on private returns alone (Grogan and Goodhue, 2012).
Moreover, full-cost accounting is useful not only to pesticide users
but also pesticide regulators, for the restriction of pesticide use also
carries externalities. For example, some have pointed out that the
simple banning of neonicotinoids might, in some systems, have the
unintended consequence of increasing pest pressure and encourag-
ing the use of older pesticide chemistries and application techniques
that may pose a higher risk to pollinators and other non-target or-
ganisms (Biddinger and Rajotte, 2015).
5.5. Pollinators and pesticides in context

We acknowledge that the focus of our discussion on the relation-
ship between pesticides and insect pollinators may seem arbitrarily
narrow, given that pollinator declines (Ollerton, 2017) may be
nested not only within larger patterns of insect decline (Hallmann
et al., 2017) but within a global biodiversity crisis that has been char-
acterized as the “sixth mass extinction event” in Earth's geological
history (Ceballos and Ehrlich, 2018). Indeed, the scope of potential
effects of pesticides on biodiversity and ecosystem function extends
far beyond insect pollinators, and we encourage work throughout
the whole of this scope. Nevertheless, insect pollinators are an ideal
suite of conservation focal species, simultaneously filling the roles
of flagship species (evoking public support), umbrella species (hav-
ing conservation needs that incidentally protect other species), indi-
cator species (sensitive to change/degradation), and keystone
species (having ecological impact disproportionate to their abun-
dance) (Caro and O'Doherty, 1999). While pollinator “tunnel vision”
must certainly be avoided, a strategic focus on pollinators and their
relationship to pesticides appears to be justified.

Finally, we acknowledge the importance of considering pollinator
health outcomes in combination with other objectives of environ-
mental health and human wellbeing, among which disease control,
food security, and worker safety are preeminent. In the case of polli-
nator conservation vis-a-vis pesticide use, the applicability of full-
cost accounting cuts both ways, meaning that comprehensive analy-
ses must consider not only the effects of pesticides on pollinators,
but also the trade-offs between pollinator conservation and other
reasonable objectives (Samnegård et al., 2018). The IPM paradigm
provides a valuable framework in which to balance the needs of pol-
linators and people. While science can elucidate the nature of the
trade-offs, how to balance pollinator conservation with other objec-
tives (and how to pay for it) is ultimately a decision that must be
made adaptively within an extended peer community (Funtowicz
and Ravetz, 1993) that includes all relevant stakeholders and deci-
sion makers.
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