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Synopsis Animal-mediated pollination is one of the most ecologically and economically important mutualisms and serves as 
a remarkable example of cross-kingdom communication and coevolution. Unfortunately, pollinators, plants, and the interac- 
tions between them are threatened in the Anthropocene. While pollination emerges from interactions across biological scales, 
existing research and expertise have developed in distinct silos reflecting traditional fields of study such as ecology, plant physi- 
ology, neuroethology, etc. This forward-looking review and perspective is a culmination of the “Plant-pollinator interactions in 

the Anthropocene” symposium at the 2025 Society for Integrative and Comparative Biology meeting, which collected expertise 
across these disciplinary silos to identify pressing questions our community needs to tackle in the next decade. In this perspec- 
tive piece, we argue that an integrative, organismally informed systems approach is critical to unraveling the complexity of how 

plant-pollinator relationships are impacted by dynamic anthropogenic stressors. Specifically, this calls for an intentional and 

iterative integration of holistic modeling studies with empirical studies. Modeling the emergent properties driven by organis- 
mal interactions in pollination systems can identify impactful variables; this in turn should drive design of empirical studies 
that elucidate how organisms respond to changing environments in the context of those impactful variables, feeding back into 

improved models. Repetition of this process will allow better predictive power over pollination stability in changing landscapes. 
Finally, we consider both existing barriers to this integration, as well as emerging opportunities (such as new technologies) that 
can help bridge across traditional fields. 
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ntroduction 

nimal-mediated pollination is one of the most eco-
ogically and economically important mutualisms, si-

ultaneously connecting trophic levels across geogra-
hies and providing food for billions of people ( Klein
dvance Access publication May 29, 2025
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t al. 2007 ; Reilly et al. 2020 ). It is a remarkable ex-
mple of cross-kingdom communication, with plants
nd animals evolving mutually beneficial interactions
 Bronstein 2015 ). The biological stakeholders in these
nteractions extend beyond plants and their pollina-
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Fig. 1 Understanding the intersection between temporal, spatial, 
and biological scales is needed for understanding how disruptions 
at any of those scales could impact plant-pollinator population 
stability. 
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tors, from microbial partners in soil ecosystems, to
the beneficiaries along trophic cascades. Unfortunately,
pollinators, plants, and the interactions between them
are threatened in the Anthropocene. This combina-
tion of risk and importance lends urgency to furthering
our understanding of pollination biology ( Schweiger et
al. 2010 ). While pollination emerges from interactions
across biological scales, existing research and expertise
generally occurs in distinct silos reflecting traditional
fields of study such as ecology, plant physiology, neu-
roethology, etc. This forward-looking review and per-
spective is a culmination of the “Plant-pollinator Inter-
actions in the Anthropocene” symposium at the 2025
Society for Integrative and Comparative Biology meet-
ing, which collected expertise across disciplinary silos
to identify pressing questions our community needs to
tackle in the next decade. The goal of this collabora-
tive perspective is to locate questions and approaches
that will allow us to better predict responses of plant-
pollinator interactions to dynamic anthropogenic stres-
sors. Broadly, we argue for the urgency of a systems
approach that integrates across scales of biological or-
ganization (e.g., from molecular mechanisms to dy-
namics of species interactions) and research fields (e.g.,
from neurobiology to community ecology). This organ-
ismally informed systems approach should couple mod-
eling and empirical studies to develop a holistic under-
standing of pollination biology. Computational or mod-
eling approaches allow an investigation of how inter-
organismal interactions impact pollination networks
(and the associated downstream impacts), identifying
which of the variables representing organismal physiol-
ogy and behavior strongly influence emergent networks
and their dynamics. This in turn allows for targeted de-
sign of experimental studies to improve how those bio-
logical variables are computationally represented. With
iteration, this approach should systematically improve
our understanding of how pollination systems respond
to changing environments. We illustrate the importance
of this organismally informed systems approach using
two examples of plant-pollinator responses to global
change factors: (1) climate change and (2) agricultural
landscape transformation. 

The interconnected scales at which 

organisms live drive complexity in 

plant-pollinator systems 

More than a decade ago, Mayer et al. (2011 ) collated in-
put on pressing questions from 60 + pollination biolo-
gists. These questions were organized into thematic ar-
eas that also reflected the importance of diverse exper-
tise, including the role of pollinator behavior, expand-
ing understanding of plant-pollinator assemblages, ex-
panding geographic distribution of pollination stud-
ies, and conservation. The authors articulate that these
large-scale research topics are challenging to address
with a single experimental study. In practicing science,
we reduce the scale and scope of experiments to better
discern relationships between experimental variables
and measured responses. However, in reality, organ-
ism survival and behavior emerge from interactions be-
tween the physiological subsystems that influence inter-
organism interactions, resulting in reliably variable con-
texts (i.e., the staggering phenotypic diversity within
and across species). Moreover, these biotic interactions
occur in environments that are enormously variable in
both space and time ( Fig. 1 ). 

Take, for example, diurnal patterns of interactions
in plants and pollinators; circadian variability in floral
scent production by plants requires metabolic pathways
that synthesize volatiles to be linked to a molecular cir-
cadian clock ( Fenske and Imaizumi 2016 ). Similarly, cir-
cadian variability in odor detection in pollinators neces-
sitates that odor receptors are also linked to a molecu-
lar clock (reviewed in Lou et al. 2024 ). The integration
of this clock with scent production and scent detection
may result in variable pollinator and/or florivore attrac-
tion throughout the circadian cycle ( Fig. 2 ). Temporal
scales range from patterns of rapid stimulus-response,
to within-lifetime physiological changes, to intergener-
ational effects. These response time scales are regulated
by diverse molecular and physiological mechanisms in
both the brain and peripheral systems ( Rittschof and
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Fig. 2 Example of how changes in intraorganismal functioning can 
impact plant-pollinator interactions. Petunia flower volatile 
production shifts along a circadian cycle ( Fenske et al. 2015 ), which 
could influence which pollinators are attracted to flowers at 
different times of day (or night). Additionally, diel scent variation 
can impact the attraction of florivores, such as crickets ( Kessler et 
al. 2015 ). In agricultural contexts—pesticide application guidelines 
are framed around diurnal pollination exclusively, even though 
nocturnal pollinators contribute significantly to yield in many fruits, 
including apples and blueberries ( Cutler et al. 2012 ; Robertson et 
al. 2021 ); thus, not considering the full biological scale of crops 
could drive pollination limitation and yield decreases. 
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ughes 2018 ; Stein et al. 2018 ). From an ecological per-
pective, investigating pollinator-floral interactions on a
hort time scale will provide valuable information about
iscrete relationships. However, longer time scales of
bservation are necessary to reveal seasonal network
ynamics ( Fig. 3 ). Environmental variation across space
e.g., from microhabitat variation and resource patchi-
ess to habitat regimes across species ranges) can also
ignificantly affect plant-pollinator interactions. For ex-
mple, at small spatial scales, variation in temperature
nd solar radiation can affect both floral nectar pro-
uction and pollinator foraging patterns (e.g., via be-
avioral thermoregulation) ( Souza-Junior et al. 2019 ;
alovrh et al. 2024 ). On larger spatial scales, turnover

n regional species pools and shifts in home ranges can
rive community diversity and evolutionary dynamics.
ecent conceptual and empirical advances in landscape
cology ( Eigenbrod et al. 2011 ; Davies and Gray 2015 ;
uckerberg et al. 2020 ) may be particularly relevant for
etter understanding how spatial environmental com-
lexity affects these organismal and community pro-
esses underlying plant-pollinator interactions. In addi-
ion, the foraging behavior of pollinators, i.e., the under-
ying linkage of pollination networks, is spatially vari-
ble, with some species travelling substantially shorter
istances across landscapes ( Fig. 4 ). 
n organismally informed systems 

pproach is needed to elucidate 

mergent phenomena in plant-pollinator 

nteractions 

he complexities of plant-pollinator communities de-
ive from the co-dependence and interactions between
pecies with vastly different life histories whose growth,
hysiology, and reproduction operate on different tem-
oral and spatial scales. As such, the detailed analysis
f pairwise individual interactions between key players
f the system has the potential to bring considerable in-
ight into the emergence of more complicated, higher-
evel patterns ( Camazine et al. 2020 ). 

A tighter integration of animal behavior and plant
cology provides helpful insights ( Waser and Price
998 ). At the level of individual organisms, pollinators
ediate plant reproduction by moving pollen to stig-
as within and between individual flowers. The null

ypothesis might be that pollinators move randomly
mong flowers, or among individual plants or species,
o that pollinators, and thus their service, are diffused
cross a landscape ( Lonsdorf et al. 2009 ). However,
tudies in animal behavior show that fine-scale varia-
ion and floral pollinator decisions lead to more com-
lex patterns of pollinator service. For instance, many
pecies of bees, butterflies, nectarivore birds, and bats
se foraging routes to revisit familiar plants ( Lihoreau
t al. 2013 ). These routes are often the result of opti-
ization processes by which animals maximize forag-

ng efficiency based on learning and memory ( Lihoreau
t al. 2012 ; Woodgate et al. 2017 ). Moreover, pollinators’
bility to learn effective motor routines to allow pollen
xtraction from different floral morphologies could af-
ect pollination success ( Mayberry et al. 2024 ). Shifts in
oraging behavior can also result from pollinator inter-
ctions with species outside the plant-pollinator binary.
or example, nectar microbes can cause shifts in bum-
lebee foraging behavior once learned association be-
ween odor and gustatory cues are learned ( Schaeffer
t al. 2019 ). Bumblebees will modulate their foraging
ehavior according to perceived predation risk ( Lenz
t al. 2012 ). And the presence of predatory ants in-
reases the likelihood that pollinating wasps instead
f non-pollinating wasps will visit figs ( Wang et al.
014 ). A mechanistic analysis of plant-pollinator sys-
ems through consideration of these predictable for-
ging patterns may have far-reaching implications at
igher organizational levels. 
At the population level, predicting pollen dispersal

hrough pollinators’ movements may help to predict
atterns of plant reproduction and outcrossing in turn
 Ohashi and Thomson 2009 ). These predictions could
elp us better understand plant mating systems and
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Fig. 3 Short time scales of sampling are inadequate to understand interaction network dynamics. (A) An interaction network for a 
community comprising 10 plant species (Pl-1 through Pl-10) and ten pollinator species (Pr-1 through Pr-10) ordered according to the 
onset of flowering or foraging. Lines connecting species represent interactions of varying strengths, indicated by line thickness. The subset 
of the network that could be detected with a March–May sampling period is enclosed in the dotted outline, whereas the full network that 
could be detected with a March–September sampling period is enclosed in the dashed outline. (B) The interaction data from the short 
sampling period may be most useful for calculating static estimates of network properties (such as nestedness, where filled cells in the 
matrix indicate that a given plant and pollinator species interact). (C) The interaction data from the longer sampling period could be 
dissected to examine temporal variation in network properties (such as nestedness, where each point in the plot represents a measure of 
how nested the network is). 

Fig. 4 The spatial characteristics of pollinator foraging ranges will 
impact gene flow in plant populations. There are established 
examples of efficacious pollen transfer by both butterflies and 
bumblebees ( Parrey et al. 2021 ; Burgin et al. 2023 ). As bumblebees 
are central-place foragers, their pollen distribution ranges are 
constrained by the flight distances of workers around their nest 
location. However, the foraging range of some butterfly species can 
be substantially larger ( Suchan et al. 2019 ), which will create larger 
genetic distribution networks. The spatial patterns of gene flow in 
plant pollinations are necessarily dependent on the foraging 
dynames of the facilitating pollinator species. 
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population genetic diversity, with implications for plant
ecology and evolution (e.g., ( Karron et al. 2009 )). Like-
wise, elucidating conditions under which plant species
could be maintained will have conservation implica-
tions. Predictions of crop yields based on pollinators’
behavior would be beneficial for agriculture ( Lihoreau
et al. 2024 ). 

At the community level, pollinator preferences and
learning bring new insights into species interactions not
only from the perspective of plant-pollinator network
structure and resilience (e.g., Bascompte and Scheffer
2022 ), but also how these translate into fitness benefits
or costs. This is because pollinator movements among
species can lead to conspecific pollen loss and het-
erospecific pollen deposition, which has implications
for biodiversity maintenance ( Wei et al. 2021 ). More-
over, pollinator movements not only distribute pollen,
but also serve as vectors for both pollen- and pollinator-
pathogens. Integrating pollinator movements into cur-
rent bipartite interaction networks has the potential to
add a spatial dimension to studies of pathogen spread
within a plant community via their shared pollinators
( Proesmans et al. 2021 ). This will help us better under-
stand the potential large-scale effects of plant pathogen
on maintenance of plant biodiversity and food secu-
rity ( Fetters et al. 2022 ; Fetters and Ashman 2023 ).
Additionally, plant pathogens may represent a direct
threat to pollinator health, as there is at least one doc-
umented incidence of a plant virus jumping into an
animal (honeybee) host ( Li et al. 2014 ). Finally, pol-
linator movements will contribute to the distribution
of pollinator pathogens—a phenomenon that is par-
ticularly problematic in networks with managed-bee
species (and their commensurate disease loads) (as re-
viewed by Graystock et al. 2016 ). 

Systems approaches will improve our 

understanding of plant-pollinator 

responses to anthropogenic stressors 

A key goal in the study of plant-pollinator interac-
tions is understanding how anthropogenic stressors af-
fect fitness of plants, pollinators, and their interactions
( Nicolson and Wright 2017 ). However, the complexity
of these stressors drives several core challenges. First,
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hile focus is often placed on organismal tolerance lim-
ts (e.g., thermal minima and maxima), all global change
tressors can have significant effects at levels well be-
ow immediate mortality effects (e.g., “sublethal” effects
f pesticides ( Colinet et al. 2015 )). Second, stressors do
ot act in isolation and there is robust, widespread ev-

dence for stressor synergies and context-dependence
 Goulson et al. 2015 ; Harper et al. 2016 ; Reitmayer et al.
019 ; Walker et al. 2019 ). For example, climate change
s modulating daily temperature regimes against a back-
rop of constant photoperiod ( Walker et al. 2019 ).
owever, misalignment of temperature and photope-

iod fluctuations can disrupt Drosophila circadian net-
orks ( Harper et al. 2016 ). These patterns suggest that

he impacts of a stressor depend on the organism expe-
iencing them; what is a strain on one organism may not
mpact another, a phenomenon that is true within and
cross species boundaries. Finally, many impacts are de-
ayed, manifesting either in later life stages or accumu-
ating over generations (e.g., stress memory within and
cross generations) ( Philips et al. 2017 ; Zhang and Tian
022 ). 

Together, these emerging challenges highlight the im-
ortance of utilizing organismal physiology studies of
oth plants and their pollinators to identify which prop-
rties of species exhibit sensitivity versus resilient to an-
hropogenic change. These properties can then be in-
orporated into empirical and modeling studies of com-
unities. We argue that this organismally informed sys-

ems approach combining insights from organismal bi-
logists, landscape and community ecologists, and eco-

ogical modelers provides an ideal framework for un-
erstanding and predicting the complex effects of an-
hropogenic change. This will lead to a better under-
tanding of the consequences for ecological interactions
nd ultimately individual fitness and ecosystem stabil-
ty ( Fig. 5 ). We focus on two specific aspects of global
hange below (climate change and agricultural intensi-
cation) to emphasize how an organismal perspective
an help us understand the subtle, interactive, and time-
elayed effects of stress. This is not an exhaustive review
f current stressors, but rather intended to illustrate the

mportance of accounting for emergent phenomena in
he study of plant-pollinator interactions. 

xample 1: climate change 

limate change is affecting the physiologies, morpholo-
ies, and phenologies of both plants and pollinators
 Hegland et al. 2009 ; Scaven and Rafferty 2013 ; Forrest
015 ; Manincor et al. 2023 ). These direct, organismal-

evel effects of warming, drought, and other climatic
tressors can scale up to restructure plant-pollinator in-
eractions and alter the costs-benefit structure of mu-
ualisms. In this section, we highlight some of the im-
ediate and delayed effects of climatic change on flow-

ring plants, insect pollinators, and their interactions to
llustrate how incorporating temporal perspective into a
ystems approach can be useful for understanding sub-
ethal stress from organismal to network levels. 

On the plant side, the effects of warming and drought
n floral traits are among the most immediate and have
bvious effects on interactions with pollinators. For ex-
mple, annual wildflowers subjected to experimental
rought produce smaller flowers with more concen-
rated nectar over the span of a few weeks, causing
ees to preferentially visit flowers on unstressed plants
 Rose-Person et al. 2024 ). In addition to this type of
apid physiological response, delayed effects of stress
an also influence floral resource availability to pol-
inators. Within their lifespans, individual plants may
ower for shorter periods under warmer climates, thus
arrowing the window of time for pollinator foraging
 Manincor et al. 2023 ). If plants produce fewer and/or
ower-quality seeds under heat or soil moisture stress
 Manincor et al. 2023 ), plant population sizes and there-
ore floral resource availability may decline in subse-
uent generations. On the other hand, seeds developed
nder warmed conditions can have increased germina-
ion rates due to maternal effects ( Dwyer and Erickson
016 ). Such transgenerational effects and their conse-
uences for interactions with pollinators are a prime
xample of where an organismally informed systems
pproach could elucidate emergent impacts of climate
hange. 

Similarly to plants, insect-pollinator responses to
limatic stress range from immediate behavioral ad-
ustments to delayed effects resulting from physiolog-
cal damage. Bees are known to modify their foraging
ehavior under warming, with individual bumblebee
orkers making fewer trips to artificial flowers at tem-
eratures of just 32◦C ( Gérard et al. 2024 ). Environmen-
al stressors, such as climate warming, can also affect in-
ect pollinator sensory perception and cognition, affect-
ng downstream behavioral performance and interac-
ions with flowers ( Klein et al. 2017 ). Heat waves can af-
ect fertility of male bumblebees by reducing the viabil-
ty of their spermatozoa, a sublethal effect that could ac-
elerate population declines over generations ( Campion
t al. 2023 ). These direct effects on pollinators are likely
o affect pollination success of plants, ultimately feeding
ack to alter selection on floral traits and mating sys-
ems ( Eckert et al. 2010 ). 

Direct impacts on plants are equally likely to dis-
upt pollination success. For example, approximately
0% of flowering plants house pollen in poricidal an-
hers ( Russell et al. 2017 ), including agriculturally vital
rops such as tomato, potato, and eggplant ( Cooley and
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Fig. 5 Conceptual figure depicting some examples of anthropogenic effects on systems biology. Environmental stressors such as climate 
and habitat change (warming, drought, urbanization, and habitat fragmentation), and pesticide contamination can independently or 
synergistically (green double-headed arrow) affect either lethally or sublethally (red arrows) across systems biology scales such as 
organismal, population, and communities. Organismal effects include effects across time (immediate and/or delayed) in both plant, and 
pollinator physiology, behaviors, and development, which impacts population-level mating strategies, effective population sizes, and genetic 
diversity. Stressors’ effects can be exacerbated at the community scale too, where different communities can be impacted differently. These 
can directly and indirectly affect ecosystem functions that reduce the capabilities of providing the most efficient ecosystem services to 
humans. In this figure, red arrows indicate negative effects of stressors on different systems biology; and green arrows represent 
interactions between different biological processes within scales (figure not to scale, created using biorender.com). 
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Vallejo-Marn 2021 ). However, the function of poricidal
anthers relies critically on the turgor pressure provided
by the plant cell’s vacuole against the cell wall to main-
tain cell rigidity and structural integrity ( Alvord et al.
2024 ). Reductions in turgor may cause the pollen cav-
ities within the poricidal anther to collapse under the
weight of the pollinator, while increases in turgor may
render the poricidal anther too stiff for the pollinator to
vibrate and collect pollen. Temperature and water avail-
ability are known to impact the physiological regula-
tion of turgor pressure ( Coussement et al. 2021 ); how-
ever, the effects of climate change on poricidal anther
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urgor is an open question. When we expand the bio-
ogical scale of this problem past the plant and to the
buzz” pollinators using indirect flight muscle activa-
ion to shake pollen from poricidal anthers ( Buchmann
nd Jankauski 2024 ), the impact of climate change on
hat flight muscle physiology also becomes relevant. In-
reased ambient temperature might impact the amount
f energy needed to “buzz” individual flowers, or af-
ect thermoregulation strategies ( Sepúlveda-Rodríguez
t al. 2024 ). Buzz pollination illustrates how changes
n climate can simultaneously impact both plants
nd pollinators, with potential effects on pollination
ervices. 

At the network level, climatic stress alters plant-
ollinator interactions via two (non-exclusionary) pri-
ary paths. First, by causing gains or losses of species to

 community, resulting in novel interaction formation,
.e., interaction turnover. Second, by causing changes
ithin the existing composition of a community that re-

ult in interaction rewiring ( Fründ 2021 ). Just as effects
n plants and pollinators span timescales, network-level
ffects of climate change are likely to vary from rapid to
radual. Immediate trait-based changes in response to
arming and drought, such as altered quality and quan-

ity of floral rewards and subsequent pollinator forag-
ng adaptations ( Valdovinos et al. 2013 ) would be ex-
ected to affect interactions within communities first.
s rewiring of pollination networks occurs, transgen-

rational effects of climatic stress would then be ex-
ected to either exacerbate or ameliorate the popula-
ion declines that lead to interaction turnover. Complex,
ascading effects are likely. For example, temporary re-
oval of dominant bumblebees from natural commu-

ities in subalpine meadows of the Rocky Mountains
aused behavioral changes in the remaining pollinator
ommunity, resulting in reduced foraging specializa-
ion and likely reduced plant reproduction ( Brosi and
riggs 2013 ). We might expect temporary removal to
imic local extinction events; however, Hiraiwa and
shimaru found that loss of pollinator functional di-

ersity was more important that species diversity—
mplying that predicting the effect of species loss is a
hallenging endeavor ( Hiraiwa and Ushimaru 2024 ).
y understanding how immediate, organismal-level re-
ponses scale up to longer-term community-level re-
ponses, we can start to build a framework for predict-
ng the effects of climate change on interaction networks
 Fig. 5 ). 

xample 2: agricultural systems 

he transition to industrialized agriculture that accom-
anied the industrial revolution made growing and har-
esting crops more efficient via mechanization, facil-
tating a shift in workforce from farms to factories.
his transition drove ecological and landscape changes.
ince the mid-20th century, agricultural landscapes in
he US, for example, have become increasingly simpli-
ed (e.g., monocultures) and reliant on chemical inputs
e.g., synthetic fertilizers and pesticides) ( Meehan et al.
011 ), as well as being maintained and harvested with
ossil fuel-burning machines ( Zabel et al. 2019 ). Large-
cale monocropping came with huge losses of shrub-
ands, grasslands, and temperate forests. These habi-
at losses in turn drove biodiversity declines, which
re particularly pronounced for pollinator species
 Burkle et al. 2013 ) and the plant populations they
upport, leading to trophic instability ( Canelas and
ereira 2022 ). 
Because monoculture crops are phenologically ho-
ogenous, they will often create resource-poor land-

capes for pollinators. In addition, both regular till-
ng and soil compaction from heavy machinery reduce
esting habitat for many solitary bees ( Christmann
022 ). Given losses of native pollinator populations,
ndustrial agriculture is therefore reliant on commer-
ial beekeeping operations to supply pollination ser-
ices during transient mass-bloom events ( Aizen et al.
009 ). Despite the domestication of some pollinators,
oth wild and managed species remain crucial for agri-
ulture. Overall, about 75% of flowering plants and ap-
roximately 35% of food crops rely exclusively on pol-

inators ( Eilers et al. 2011 ; Nicholls and Altieri 2013 ;
luijs and Vaage 2016 ). This includes a wide range of
rops that are essential for both food supply and agri-
ultural economy such as fruits (apple, orange, straw-
erry), vegetables (tomato, cucumber, pepper), nuts (al-
ond, walnut), and oilseeds (canola, sunflower) ( Losey

nd Vaughan 2006 ; Klein et al. 2008 ; Aizen et al. 2009 ;
allai et al. 2009 ). Managed honeybee and bumblebee
opulations alone are an inadequate and inefficient so-

ution. Earlier in this century, the value of wild bees in
ur intensively managed agricultural landscapes was es-
imated at $150 billion US dollars in pollination ser-
ices ( Gallai et al. 2009 ). Short-term pollination ser-
ices were more recently valued at 1 trillion US dol-
ars ( Lippert et al. 2021 ), with visits from wild, non-bee
ollinators making up 39% of overall activity in crops
 Rader et al. 2015 ). In general, wild pollinators have
een found to pollinate more effectively, visit more of-
en, and contribute to enhanced fruit sets ( Winfree et al.
008 ; Garibaldi et al. 2013 ). 

In addition, the presence of wild pollinators can mod-
fy honeybee foraging behavior; in some agrosystems
his results in more cross-pollination and increased
ields ( Mallinger and Gratton 2014 ; Osterman et al.
023 ). While not all studies documenting this effect
ave established a mechanism for their findings, work
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by Eeraerts et al. (2020 ) showed that increased bumble-
bee and wild bee density resulted in a higher probabil-
ity of row changes by honeybees foraging in a cherry
orchard—resulting in higher rates of cross-pollination
due to the orchard management practice of planting
one cultivar type per row. “Ecological intensification”
of agricultural landscapes, i.e., incorporating strategic
wildflower strips, can boost abundance and species
richness of wild insects ( Campbell et al. 2019 ). In addi-
tion to anticipated pollination service benefits, the wild-
flower strips can attract natural enemies of pest species
and reduce crop damage Blaauw and Isaacs 2015 , Pollier
et al. 2019 ). However, the agricultural and ecological
benefits o f this strategy are not universally realized. A
recent meta-analysis did not find impacts of wildflower
intensification on biological control, and that yield ben-
efits were constrained to landscapes with intermediate
natural habitat cover ( Grab et al. 2018 ). Additional com-
plexity arises in conservation contexts, as wildflowers
in close proximity to agricultural fields can accumulate
neonicotinoids and serve as a chronic exposure path-
way for wild pollinators ( Boti´as et al. 2015 ). These re-
sults illustrate that balancing the complex trade-offs for
sufficient crop yield, opportunity cost of land use, and
pollinator health would benefit from using a systems
approach to understand the complete suite, both direct
and indirect, of stressors that agricultural systems place
on plant-pollinator networks. 

Direct effects of pesticides cross physiological 
system, generational, and species boundaries 

Within the agricultural setting, pesticides have a par-
ticularly complex role in mediating plant-pollinator in-
teractions. While pesticides can control outbreaks that
could decimate crop yields, they are also capable of re-
ducing yield through disruption of pollination services
( Stanley et al. 2015 ). Pesticide exposure is widespread
among insect pollinators globally and has important
impacts on performance, survival, and reproduction
( Goulson et al. 2015 ). Bees and other insect pollina-
tors can be exposed to insecticides through direct con-
tact (e.g., via foliar sprays) or through ingestion of con-
taminated food resources (e.g., nectar and pollen con-
tamination resulting from seeds treated with systemic
insecticides). Neonicotinoids are a particularly impor-
tant and well-studied class of insecticides that are ago-
nists of nicotinic acetylcholine receptors (nAChRs) in
the insect central nervous system. Neonicotinoids have
increased dramatically in global use since their intro-
duction in the mid-1990s, and are regularly encoun-
tered by pollinators, as illustrated by a global survey of
honey from Apis mellifera colonies finding the vast ma-
jority ( ∼75%) of samples containing at least one neon-
icotinoid pesticide ( Mitchell et al. 2017 ) ( Fig. 5 ). There
is now widespread evidence that exposure to neonicoti-
noids can negatively affect colony growth in social pol-
linators such as bumblebees ( Whitehorn et al. 2012 ),
leading to long-term population declines ( Janousek et
al. 2023 ). 

The mechanisms linking direct physiological impacts
of pesticides to impaired growth and population de-
clines in pollinators, especially non-bee pollinators, are
less well understood, and reflect the complexity of or-
ganismal responses to these insecticides. Many of neon-
icotinoids’ key effects occur at levels well below “lethal”
exposure. Neonicotinoids can disrupt physiological and
neural processes (e.g., sensory processing, cognitive
performance, and metabolism) that in turn impair key
aspects of organismal performance and behavior such
as foraging, nursing, and thermoregulation at levels well
below acute lethal toxicity ( Stanley et al. 2015 ; Crall et
al. 2018 ; Siviter and Muth 2022 ; Tatarko et al. 2023 ; Paoli
and Giurfa 2024 ). 

In addition to these direct effects, many of the crit-
ical impacts of neonicotinoids occur through interac-
tions with the secondary stressors (i.e., synergistic ef-
fects) ( Siviter et al. 2021 ). For example, in bumble-
bees ( Bombus spp), the effects of imidacloprid (a com-
mon neonicotinoid) on locomotor activity depend on
body temperature; imidacloprid has strong negative ef-
fects on activity at low temperatures ( Easton-Calabria
et al. 2023 ), but relatively limited effects at higher tem-
peratures. This physiological interaction at the scale
of individual organisms leads to a complex emergent
pattern at the colony scale: larger colonies, where av-
erage body temperature is higher (as a result of so-
cial thermoregulation) are more robust to imidacloprid
exposure than smaller, younger colonies ( Easton-
Calabria et al. 2023 ). 

While application regulations are intended to limit
lethal exposure to pollinators ( IPM 2025 ), they do
not adequately account for synergistic effects between
pesticides and other agrochemicals (e.g., fungicides)
or differential toxicity of pesticides across species
( Thogmartin et al. 2017 ; Tosi and Nieh 2019 ; Wade et
al. 2019 ; Bloom et al. 2021 ). For example, coapplica-
tion of the fungicide propiconazole and the neonicoti-
noid flupyradifurone synergistically increases honeybee
mortality ( Tosi and Nieh 2019 ). 

In addition to immediate effects on organismal per-
formance, there is growing recognition that pesticide
exposure can have delayed effects (both within and
across generations), also known as carryover effects. In
solitary bees ( Osmia lignaria ), for example, neonicoti-
noid exposure can have important delayed effects; ex-
posure to imidacloprid as larvae in 1 year reduced re-
productive success when those bees emerged as adults
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n the subsequent year ( Stuligross and Williams 2021 ).
elayed effects can also be driven by complex bio-

ogical feedbacks; in honeybees ( Apis mellifera ), direct
ortality of foragers reduces long-term colony perfor-
ance by inducing premature behavioral development

n workers ( Perry et al. 2015 ). The temporal dynam-
cs of neonicotinoid exposure (e.g., multiple exposures
hrough an organism’s lifespan) may have important
mplications for sensitivity (i.e., through priming or cu-

ulative exposure increasing susceptibility) and repre-
ent an important understudied area. As a whole, the
ow extensive literature on neonicotinoids and pollina-

ors highlights the remarkable diversity of impacts of
hese compounds across scales of biological organiza-
ion and time, underscoring the importance of an inte-
rative, organismal perspective in better understanding
ollinator health. 

ndirect effects are elucidated by considering 

mpacts of agriculture across biological scales 

gricultural environments can also indirectly disrupt
ollination services by disrupting plant-pollinator com-
unication. Pollination, while a main desired outcome

f plant-pollinator interactions for both the plants and
s human beneficiaries, is (in animal-pollinated plants)
he result of a complex cross-species conversation be-
ween plants and animals. As such, it is dependent on a
ombination of signals and signal detection (sensory)
ystems, primarily plant signals and animal percep-
ion ( Chittka and Thomson 2001 ). Agriculture, urban-
zation, and associated habitat change present unique
hallenges to these signal-receiver interactions, as they
odify signal abundance and the ambient environ-
ent, both of which can influence signal detection. For

xample, a monoculture of Brassica rapa will produce
ore floral volatiles (such as farnesene, linalool, and

inene [ Blight et al. 1997 ]) than a polyculture plant-
ng. This monoculture may attract a larger number of
ollinators from greater distances ( Sprayberry 2018 ), or
ay make it difficult for pollinators to assess and tar-

et flowers most in need of visitation (from both the
ectar production and pollination services prospective)
 Gavini et al. 2021 ). Moreover, floral odors themselves
re vulnerable to modification in agricultural environ-
ents due to both “subtractive” and “additive” odor pol-

ution. Farm machinery running diesel creates an envi-
onment that degrades floral odor signals via reactions
etween floral odorants and nitrous oxides in diesel ex-
aust ( Girling et al. 2013 ). This subtractive degrada-
ion of floral odors is sufficient to decrease both honey-
ee and bumblebee responses to learned scents ( Girling
t al. 2013 ; Saunier et al. 2022 ). In addition, pesticides
uch as fungicides can themselves have strong odors,
dditively changing the odor landscape. Fungicide odor
as been shown to be disruptive to bumblebee foraging
ehavior in multiple contexts ( Sprayberry et al. 2013 ;
avid et al. 2022 ; Yousry et al. n.d. ). Finally, flowers

rown under fungicide conditions can have modulated
oral odor blends, which in turn can impact pollina-

or attraction to those floral resources ( Voß et al. 2023 ).
hese signal detection challenges are exacerbated by
eonicotinoid exposure, as this can reduce the accu-
acy of odor encoding in an insect brain ( Andrione et
l. 2016 ). While much of this work needs to be ground
ruthed with direct field testing, recent work has found
hat presence of fungicides decreases wild bee visita-
ion rates ( Bloom et al. 2021 ). Thus, olfactory plant-
ollinator communication can be inhibited by modi-
cations to quantity, quality, and composition of flo-
al signal, as well as modifications to pollinator sig-
al detection ability in agricultural and urban land-
capes. 

At local spatial scales, consideration of how agri-
ulture changes visual landscapes needs to be consid-
red. For example, habitat change can modify shade
over and alter the quantity and wavelengths of light
eaching flowers ( Endler 1992 ), which can influence
heir detectability and quality assessment by visually
riented pollinators ( Finnell and Koski 2021 ). This may
e particularly important for plant-pollinator interac-
ions dependent on long and short wavelength signals,
s changes in shade cover have strong effects on relative
roportions of long wavelengths of light ( Endler 1992 ),
nd the relative ease of detection of reds and UV signals
 Endler 1992 ; Obara et al. 2008 ). 

The examples above center around two different
ensory modalities: chemical and visual. However,
ost communication is multi-modal, meaning it con-

ains signal information in multiple sensory modali-
ies. Plant-pollinator interactions are an excellent ex-
mple of this, as many plants produce both volatiles
nd visual signals to attract their pollinators; and pol-
inator sensory biases, in both vision and olfaction,
nfluence which flowers pollinators visit ( Kantsa et
l. 2018 ). Pollinator color preference can change with
he presence of different olfactory cues in sex-specific
ays, as illustrated by the swallowtail butterfly Papilio
uthus ( Yoshida et al. 2015 ). Furthermore, these signals
re often temporally variable, both across seasons and
hroughout the day ( Abe and Kamo 2003 ; Fenske and
maizumi 2016 ). The temporal variability of sensory
ignals produced by flowers may result from the com-
lex suite of species interactions that can influence plant
tness. Fo r example, scent can attract both pollinators
nd florivores ( Theis and Adler 2012 )—creating a po-
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tential push-pull dynamic in selective forces on scent
production. In Cirsium arvense flowers, circadian fluc-
tuations in scent emission peak when pollinators are ac-
tive, and are lowest when florivores are active ( Theis et
al. 2007 ). In addition to temporal signal variability, it is
likely that signal detection by receiver sensory system
also changes with season and time of day, though this
has been comparatively rarely studied (but see Eilerts et
al. 2018 ; Hirzel et al. 2024 ). Thus, a more complete un-
derstanding of how multimodal integration is impacted
by spatiotemporal signal variability is a critical next step
in both neuroethology and sustainable agriculture re-
search. 

Organismally informed systems biology is 
crucial to understanding plant-pollinator 
relationships at scales that are relevant to 

learning about their resilience to human 

disruption 

In this review, we have presented why an organismal ap-
proach is crucial to building an understanding of plant-
pollinator relationships that is robust enough to help
us predict responses to anthropogenic stressors. Organ-
isms themselves are complex systems whose behavior
and physiology are emergent properties of interactions
between system components. The plant-pollinator rela-
tionships that are a foundation of trophic stability are in
turn emergent properties of how (at a minimum) two
organisms respond to each other in dynamic environ-
ments. 

Variability across studies is not the only source of am-
biguity in our understanding of plant-pollinator rela-
tionships. Additionally, there is important natural phys-
iological and behavioral variability in pollinators. In
honeybees and bumblebees, this variability shapes di-
vision of labor ( Pankiw and Page 2000 ) and determines
the performances of individuals in given tasks ( Chittka
et al. 2003 ). In butterflies, sexual dimorphism in color
sensitivity (potentially due to a combination of sexual
selection and natural selection) ( Arikawa et al. 2005 ;
McCulloch et al. 2016 ) and pollen consumption ( Boggs
et al. 1981 ) may facilitate within-species variation in
pollinator services. Similarly, pollinators show impor-
tant variability in their susceptibility to environmental
stressors (insecticides, malnutrition, etc.), both within
and between species and taxonomic groups. Measuring
this variability and studying its evolution in response
to stress exposure might help better understand the
risks for populations and their potential of resilience,
in a much more powerful way than just looking at
means/norms of reaction ( Cabirol et al. 2023 ). A sys-
tematic analysis of variance could, for instance, help
identify tipping points below which populations can tol-
erate stress and above which action should absolutely
be taken. Once again—to fully understand the impact
of this kind of variability, we need targeted studies that
cross species boundaries and operate at large enough
temporal and spatial scales to interrogate impacts on
plant-pollinator networks. 

Barriers and bridges to integrative organismal 
biology of plant-pollinator relationships 

The importance of organismal approaches to ecology
and behavior is easy to accept, but difficult to enact be-
cause it requires investigations that manifest at large
scales: disciplinary, spatial, and temporal. Large-scale
scientific studies have inherent barriers, and this review
hopes to elucidate those barriers so that plant-pollinator
biologists can build structures to overcome them. 

Understanding plant-pollinator interactions requires
cognizance across biological scales both within and be-
tween organisms. This complexity demands multidisci-
plinary expertise—a challenge for researchers working
in isolation, but easily overcome with targeted collabo-
rative teams. For example, combining the skills of a ther-
mal physiologist, neuroethologist, plant physiologist,
and pollination network ecologist could enable studies
that address the gaps in our current understanding of
how climate warming will impact phenological stabil-
ity in plant-pollinator interactions. However, a single
research team is unlikely to have the resources needed
to investigate interactions at necessarily large tempo-
ral and spatial scales. Emerging technologies such as
advances in computer vision and deep learning of im-
age analysis offer pathways to overcome this limita-
tion ( Høye et al. 2021 ). Tools like image-based moni-
toring systems can collect data more efficiently across
time and space, reducing dependence on traditional
labor-intensive methods that utilize human observers.
These technologies can also capture interactions be-
tween flowers and pollinators, as compared to isolated
assays such as vane traps or plant surveys. While auto-
mated monitoring techniques offer great potential for
monitoring plant-pollinator interactions ( Ratnayake et
al. 2021 ), these emerging tools require significant ex-
pertise (e.g., in computer vision, deep learning, etc.)
that is less common in biology and ecology. Facilitat-
ing broader adoption of these techniques for plant-
pollinator research will thus require expanding training
and teaching opportunities in these skills, as well as em-
phasis on accessibility (rather than just availability) of
techniques. 

Even with the increased efficiency of data collection
promised by emerging technologies, iterating studies
across geographies is likely too much for a single collab-
orative team. Creating standardized methods and pro-
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ocols for plant assays and pollinator monitoring could
roduce datasets that are directly comparable across
tudies. This comparability would open the door to
ore robust meta-analyses, delivering deeper insights

nto ecological patterns and processes. 
While the presented strategies will significantly en-

ance data collection, neither entirely address the chal-
enge of elucidating phenomena that emerge from the
ntegration of biological, spatial, and temporal scales.
or example, camera traps distributed throughout a

arge field site can capture both a large temporal dis-
ribution of data for monitored plants, and a large spa-
ial distribution of pollinator species’ occurrence, but
annot provide large-scale temporal data for an indi-
idual pollinator or measure spatial distribution of an
ndividual plant’s pollen transfer. However, a systems-
iology approach allows us to leverage organismal data
t relevant biological scales to inform computational
odels in order to illuminate potential emergent pat-

erns. These emergent patterns can in turn be used to
esign targeted empirical studies, the results of which
an refine models. For example, previous network mod-
ls have indicated that generalist versus specialist pol-
inators can influence pollination-network dynamics;
nd that behavior such as adaptive foraging in gener-
list pollinators has potential impacts on maintenance
f biodiversity ( Valdovinos et al. 2013 ). At a pollinator

ever, radar tracking allows us to collect spatial and tem-
oral data on the foraging patterns for a small number
f individual pollinators ( Woodgate et al. 2017 , 2021 ;
rebner et al. 2021 ). This in turn could empirically in-

orm algorithmic representations of adaptive foraging
ehavior. At a plant level, while pollinators are learn-

ng a landscape, they are more likely to pick up het-
rospecific pollen. This could impact seed set, as di-
erse pollen loads are higher in pathogen load and in-
rease disease transmission ( Fetters and Ashman 2023 ),
ighlighting the complex role of insect behavior in driv-

ng tradeoffs between beneficial outcrossing and dis-
ase transmission in plants. Empirical data on physio-
ogical mechanisms of reduction in seed set could in-
orm more dynamic estimation of seed set in network

odels. This is a single example of how a model results
an indicate which components of underlying interac-
ive systems can substantially influence emergent prop-
rties, which allows empirical testing to revise algo-
ithms embedded with models, which will then improve
odel predictions. Collaborative teams taking this iter-

tive model to empirical study to model approach will
mprove our ability to understand how plant-pollinator
nteractions (and thus trophic stability) are impacted by
uman stressors. 
It is worth considering that conservation messaging
ay be a barrier to effective integration across scales
nd a holistic understanding of pollination biology. Pro-
uctive conservation efforts must cross academic and
ublic sectors, with bidirectional information exchange
hat educates scientists and non-scientists alike. This
eed for broad-scale communication and education in-
entivizes generalizing otherwise complex phenomena
nto major themes, often creating the narrative that
ollination communities are monolithic, or a “one size
ts all” conservation approach. However, even for well-
ocumented drivers of pollinator declines (e.g., habi-
at loss, declines in floral resource abundance), broad
rends can mask enormous and important variation
e.g., across local ecologies, species’ natural history,
nd community context) ( Roulston and Goodell 2011 ;
aldovinos et al. 2016 ; Rafferty et al. 2020 ). Similar nu-
nce exists in conversations about pesticide use, and
nvasive and naturalized non-native species of plants
nd pollinators alike ( Russo 2016 ; Mallinger et al. 2017 ;
wasaki and Hogendoorn 2022 ). For example, there are
ver 8000 species of introduced plants in the conti-
ental United States (USGS), in addition to non-wild-

ype cultivars ( Hayes et al. 2025 ). Oversimplified mes-
aging on the perils of invasive plants would ignore
he neutral and potentially positive impacts of non-
atives ( Rittschof et al. 2023 ). This could then result

n well-intentioned conservation efforts to remove all
on-native plants in a landscape, despite eradication be-

ng potentially impractical or even detrimental to at-
isk communities ( Albrecht et al. 2014 ). Conservation
cientists, pollinator biologists working in urban, agri-
ultural, and native landscapes, and other stakehold-
rs like growers would all benefit from greater cross-
alk to facilitate a better bi-directional understanding
f important variability in pollination systems. For ex-
mple, the Pollinator Partnership—a nonprofit polli-
ator conservation and research organization—has de-
eloped “Bee Friendly Farming” guides and certifica-
ion programs, which are based on published research
ndings, and will need to be updated as our under-
tanding of pollinator conservation improves ( Rourke
t al.2022 ; “Bee Friendly Farming Third-Party Certi-
cation Manual” 2023 ). Much as iterative approaches
etween organismal and modeling studies can build a
ore nuanced understanding of how variability will im-

act responses to dynamic stressors, iterative conversa-
ions between stakeholders will inform better targeted
tudies to inform impactful conservation efforts. 

cknowledgments 

he authors would like to thank the Society for Integra-
ive and Comparative Biology, including the Divisions
f Animal Behavior and Botany, for support of this sym-
osium. 



1002 J. D.H. Sprayberry et al.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ecol Evol 10:765388. 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/65/4/991/8152797 by U

niversity of W
isconsin System

 user on 24 O
ctober 2025
Funding 

This work was supported by Agricultural and Food Re-
search Initiative grant no. 2024-67,013-43,770 from the
USDA National Institute of Food and Agriculture and
by the Society for Integrative and Comparative Biology.

Conflict of interest 
The authors have no conflict of interest in this work. 

Data availability 

No original data are analyzed or presented in this review
and perspective piece. 

References 

Abe T , Kamo K. 2003. Seasonal changes of floral frequency and
composition of flower in two cool temperate secondary forests
in Japan. For Ecol Manag 175:153–62. 

Aizen MA , Garibaldi LA, Cunningham SA, Klein AM. 2009.
How much does agriculture depend on pollinators? Lessons
from long-term trends in crop production. Ann Bot-london
103:1579–88. 

Albrecht M , Padrón B, Bartomeus I, Traveset A. 2014. Con-
sequences of plant invasions on compartmentalization and
species’ roles in plant–pollinator networks. Proc R Soc B: Biol
Sci 281:20140773. 

Alvord M , McNally J, Casey C, Jankauski M. 2024. Turgor pres-
sure affects transverse stiffness and resonant frequencies of
buzz-pollinated poricidal anthers. J Exp Bot 76:1784–1794 

Andrione M , Vallortigara G, Antolini R, Haase A. 2016.
Neonicotinoid-induced impairment of odour coding in the
honeybee. Sci Rep 6:38110. 

Arikawa K , Wakakuwa M, Qiu X, Kurasawa M, Stavenga DG.
2005. Sexual dimorphism of short-wavelength photoreceptors
in the small white butterfly, pieris rapae crucivora. J Neurosci
25:5935–42. 

Bascompte J , Scheffer M. 2022. The resilience of plant–Pollinator
networks. Annu Rev E`ntomol 68:363–80. 

Bee Friendly Farming Third-Party Certification Manual . 2023.
https://www.pollinator.org/bff

Blaauw BR , Isaacs R. 2015. Wildflower plantings enhance the
abundance of natural enemiesand their services in adjacent
blueberry fields. Biol Control 91:94–103. 

Blight MM , Métayer ML, Delègue M-HP, Pickett JA, Marion-Poll
F, Wadhams LJ. 1997. Identification of floral volatiles involved
in recognition of oilseed rape flowers, Brassica napus by Hon-
eybees, Apis mellifera . J Chem Ecol 23:1715–27. 

Bloom EH , Wood TJ, Hung KJ, Ternest JJ, Ingwell LL, Goodell
K, Kaplan I, Szendrei Z. 2021. Synergism between local- and
landscape-level pesticides reduces wild bee floral visitation in
pollinator-dependent crops. J Appl Ecol 58:1187–98. 

Boggs CL , Smiley JT, Gilbert LE. 1981. Patterns of pollen ex-
ploitation by Heliconius butterflies. Oecologia 48:284–9. 

Boti´as C , David A, Horwood J, Abdul-Sada A, Nicholls E, Hill E,
Goulson D. 2015. Neonicotinoid residues in wildflowers, a po-
tential route of chronic exposure for bees. Environ Sci Technol
49:12731–40. 
Brebner JS , Makinson JC, Bates OK, Rossi N, Lim KS, Dubois
T, Gómez-Mo racho T, Liho reau M, Chi ttka L, Woodgate JL.
2021. Bumble bees strategically use ground level linear features
in navigation. Anim Behav 179:147–60. 

Bronstein JL . 2015. Mutualism, Oxford: Oxford University Press.
Brosi BJ , Briggs HM. 2013. Single pollinator species losses reduce

floral fidelity and plant reproductive function. Proc Natl Acad
Sci 110:13044–8. 

Buchmann SL , Jankauski M. 2024. Buzz pollination: bee bites and
floral vibrations. Curr Biol 34:R864–66. 

Burgin GA , Bronzo-Munich O, Garner AG, Acevedo IA, Hop-
kins R. 2023. Characterizing each step of pollination in Phlox
drummondii reveals that a single butterfly species predomi-
nates in the pollinator assemblage. Am J Bot 110:e16172. 

Burkle LA , Marlin JC, Knight TM. 2013. Plant-pollinator interac-
tions over 120 years: loss of species, co-occurrence, and func-
tion. Science 339:1611–5. 

Cabirol A , Gómez-Moracho T, Monchanin C, Pasquaretta C,
Lihoreau M. 2023. Considering variation in bee responses
to stressors can reveal potential for resilience. J Appl Ecol
60:1435–45. 

Camazine S , Deneubourg J-L, Theraula G, Sneyd J, Franks
NR. 2020. Self-organization in biological systems Princeton
Princeton University Press 

Campbell JW , Kimmel CB, Grodsky SM, Smithers C, Daniels
JC, Ellis JD. 2019. Wildflower plantings harbor increased
arthropod richness and abundance within agricultural areas
in Florida (USA). Ecosphere 10:1–18 

Campion C , Rajamohan A, Dillon ME. 2023. Sperm can’t take
the heat: short-term temperature exposures compromise fer-
tility of male bumble bees (Bombus impatiens). J Insect Phys-
iol 146:104491. 

Canelas JV , Pereira HM. 2022. Impacts of land-use intensity on
ecosystems stability. Ecol Model 472:110093. 

Chittka L , Dyer AG, Bock F, Dornhaus A. 2003. Bees trade off
foraging speed for accuracy. Nature 424:388. 

Chittka L , Thomson JD. 2001. Cognitive Ecology of Pollina-
tion: Animal Behaviour and Floral Evolution. Cambrige: Cam-
bridge University Press. 

Christmann S . 2022. Regard and protect ground-nesting pollina-
tors as part of soil biodiversity. Ecol Appl 32:e2564. 

Colinet H , Sinclair BJ, Vernon P, Renault D. 2015. Insects in fluc-
tuating thermal environments. Annu Rev E`ntomol 60:1–18. 

Cooley H , Vallejo-Marn M. 2021. Buzz-pollinated crops: a
global review and meta-analysis of the effects of supple-
mental bee pollination in tomato. J Econ E`ntomol 114:
505–19. 

Coussement JR , Villers SLY, Nelissen H, Inzé D, Steppe K. 2021.
Turgor-time controls grass leaf elongation rate and duration
under drought stress. Plant, Cell Environ 44:1361–78. 

Crall JD , Switzer CM, Oppenheimer RL, Versypt ANF, Dey B,
Brown A, Eyster M, Guérin C, Pierce NE, Combes SA et al.
2018. Neonicotinoid exposure disrupts bumblebee nest behav-
ior, social networks, and thermoregulation. Science 362:683–6.

Cutler GC , Reeh KW, Sproule JM, Ramanaidu K. 2012. Berry un-
expected: nocturnal pollination of lowbush blueberry. Can J
Plant Sci 92:707–11. 

David NF , Henry TJ, Sprayberry JDH. 2022. Odor-pollution
from fungicides disrupts learning and recognition of a com-
mon floral scent in bumblebees ( Bombus impatiens ). Front

https://www.pollinator.org/bff


Plant-pollinator interactions in the Anthropocene 1003

D  

 

 

D  

 

E  

 

 

 

E  

 

 

E  

 

E  

 

E  

 

E  

 

E  

F  

 

 

 

F  

F  

 

 

F  

 

 

F
 

 

F  

 

F  

 

G  

 

G  

 

 

G  

 

G  

 

 

G  

 

G  

 

G  

 

G  

 

H  

 

H  

 

 

H  

 

H  

 

 

H  

 

 

H  

 

 

I  

 

 

I  

 

J  

 

 

 

K  

 

K  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/65/4/991/8152797 by U

niversity of W
isconsin System

 user on 24 O
ctober 2025
avies GM , Gray A. 2015. Don’t let spurious accusations of pseu-
doreplication limit our ability to learn from natural experi-
ments (and other messy kinds of ecological monitoring). Ecol
Evol 5:5295–304. 

wyer JM , Erickson TE. 2016. Warmer seed environments in-
crease germination fractions in Australian winter annual plant
species. Ecosphere 7:1–14 

aston-Calabria AC , Thuma JA, Cronin K, Melone G, Laskowski
M, Smith MAY, Pasadyn CL, Bivort BL de, Crall JD.
2023. Colony size buffers interactions between neonicoti-
noid exposure and cold stress in bumblebees. Proc R Soc B
290:20230555. 

ckert CG , Kalisz S, Geber MA, Sargent R, Elle E, Cheptou P-O,
Goodwillie C, Johnston MO, Kelly JK, Moeller DA et al. 2010.
Plant mating systems in a changing world. Trends Ecol Evol
25:35–43. 

eraerts M , Smagghe G, Meeus I. 2020. Bumble bee abundance
and richness improves honey bee pollination behaviour in
sweet cherry. Basic Appl Ecol 43:27–33. 

igenbrod F , Hecnar SJ, Fahrig L. 2011. Sub-optimal study design
has major impacts on landscape-scale inference. Biol Conserv
144:298–305. 

ilers EJ , Kremen C, Greenleaf SS, Garber AK, Klein A-M. 2011.
Contribution of pollinator-mediated crops to nutrients in the
Human food supply. PLoS One 6:e21363. 

ilerts DF , VanderGiessen M, Bose EA, Broxton K, Vinauger C.
2018. Odor-specific daily rhythms in the olfactory sensitivity
and behavior of Aedes aegypti mosquitoes. Insects 9:147. 

ndler JA . 1992. Signals, signal conditions, and the direction of
evolution. Am Nat 139:S125–53. 

enske MP , Hazelton KDH, Hempton AK, Shim JS, Yamamoto
BM, Riffell JA, Imaizumi T. 2015. Circadian clock gene LATE
ELONGATED HYPOCOTYL directly regulates the timing
of floral scent emission in Petunia. Proc Natl Acad Sci USA
112:9775–80. 

enske MP , Imaizumi T. 2016. Circadian rhythms in floral scent
emission. Front Plant Sci 7:462. 

etters AM , Ashman T. 2023. The pollen virome: a review
of pollen-associated viruses and consequences for plants
and their interactions with pollinators. Am J Bot 110:
e16144. 

etters AM , Cantalupo PG, Wei N, Robles MTS, Stanley AM,
Stephens JD, Pipas JM, Ashman T-L. 2022. The pollen virome
of wild plants and its association with variation in floral traits
and land use. Nat Commun 13:523. 

innell LM , Koski MH. 2021. A test of Sensory Drive in plant–
pollinator interactions: heterogeneity in the signalling envi-
ronment shapes pollinator preference for a floral visual signal.
N Phytol 232:1436–48. 

orrest JRK . 2015. Plant–pollinator interactions and phenologi-
cal change: what can we learn about climate impacts from ex-
periments and observations? Oikos 124:4–13. 

ründ J . 2021. Dissimilarity of species interaction networks: how
to partition rewiring and species turnover components. Eco-
sphere 12.1–13. 

allai N , Salles J-M, Settele J, Vaissière BE. 2009. Economic valu-
ation of the vulnerability of world agriculture confronted with
pollinator decline. Ecol Econ 68:810–21. 

aribaldi LA , Steffan-Dewenter I, Winfree R, Aizen MA, Bom-
marco R, Cunningham SA, Kremen C, Carvalheiro LG, Harder
LD, Afik O et al. 2013. Wild pollinators enhance fruit set of
crops regardless of honey bee abundance. Science 339:1608–
11. 

avini SS , Sáez A, Tur C, Aizen MA. 2021. Pollination success
increases with plant diversity in high-andean communities. Sci
Rep 11:22107. 

érard M , Gardelin E, Lehmann P, Roberts KT, Sepúlveda-
Rodríguez G, Sisquella C, Baird E. 2024. Experimental elevated
temperature affects bumblebee foraging and flight speed. Proc
B 291:20241598. 

irling RD , Lusebrink I, Farthing E, Newman TA, Poppy GM.
2013. Diesel exhaust rapidly degrades floral odours used by
honeybees. Sci Rep 3:1–5. 

oulson D , Nicholls E, Botías C, Rotheray EL. 2015. Bee declines
driven by combined stress from parasites, pesticides, and lack
of flowers. Science 347:1255957. 

rab H , Poveda K, Danforth B, Loeb G. 2018. Landscape context
shifts the balance of costs and benefits fro m wildflower borders
on multiple ecosystem services. Proc R Soc B 285:20181102. 

raystock P , Blane EJ, McFrederick QS, Goulson D, Hughes
WOH. 2016. Do managed bees drive parasite spread and emer-
gence in wild bees? Int J Parasitol Parasites Wildl 5:64–75. 

arper REF , Dayan P, Albert JT, Stanewsky R. 2016. Sensory
conflict disrupts activity of the Drosophila Circadian network.
Cell Rep 17:1711–8. 

ayes JJ-M , Bell NC, Best LR, Bruslind SR, Johnson DO, Mead
ME, Spofford TS, Langellotto GA. 2025. Pacific Northwest na-
tive plants and native cultivars, part I: pollinator visitation. En-
viron Entomol nvae126. 

egland SJ , Nielsen A, LÁZARO A, Bjerknes AL, Totland Ø.
2009. How does climate warming affect plant-pollinator inter-
actions? Ecol Lett 12:184–95. 

iraiwa MK , Ushimaru A. 2024. Loss of functional diver-
sity rather than species diversity of pollinators decreases
community-wide trait matching and pollination function.
Funct Ecol 38:1296–308. 

irzel GE , Brady NK, Reed RD, Westerman EL. 2024. Syn-
chronous seasonal plasticity in colouration, behaviour, and vi-
sual gene expression in a wild butterfly population. date ac-
cessed: May 14, 2025. bioRxiv 2024.06.15.598356 

øye TT , Ärje J, Bjerge K, Hansen OLP, Iosifidis A, Leese F,
Mann HMR, Meissner K, Melvad C, Raitoharju J. 2021. Deep
learning and computer vision will transform entomology. Proc
Natl Acad Sci USA 118:e2002545117. 

PM U . 2025. bee-precaution-pesticide-ratings/University of
California Statewide Integrated Pest Management Program
(UC IPM). ( date accessed: May 14, 2025. https://ipm.ucanr.
edu/bee-precaution-pesticide-ratings/ ). 

wasaki JM , Hogendoorn K. 2022. Mounting evidence that man-
aged and introduced bees have negative impacts on wild bees:
an updated review. Curr Res Insect Sci 2:100043. 

anousek WM , Douglas MR, Cannings S, Clément MA, Delphia
CM, Everett JG, Hatfield RG, Keinath DA, Koch JBU, McCabe
LM et al. 2023. Recent and future declines of a historically
widespread pollinator linked to climate, land cover, and pesti-
cides. Proc Natl Acad Sci United States Am 120:e2211223120. 

antsa A , Raguso RA, Dyer AG, Olesen JM, Tscheulin T,
Petanidou T. 2018. Disentangling the role of floral sensory
stimuli in pollination networks. Nat Commun 9:1041. 

arron JD , Holmquist KG, Flanagan RJ, Mitchell RJ. 2009. Polli-
nator visitation patterns strongly influence among-flower vari-
ation in selfing rate. Ann Bot 103:1379–83. 

https://www.biorxiv.org/content/10.1101/2024.06.15.598356v1
https://ipm.ucanr.edu/bee-precaution-pesticide-ratings


1004 J. D.H. Sprayberry et al.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/65/4/991/8152797 by U

niversity of W
isconsin System

 user on 24 O
ctober 2025
Kessler D , Kallenbach M, Diezel C, Rothe E, Murdock M, Bald-
win IT. 2015. How scent and nectar influence floral antagonists
and mutualists. eLife 4:e07641. 

Klein A-M , Vaissire BE, Cane JH, Steffan-Dewenter I, Cunning-
ham SA, Kremen C, Tscharntke T. 2007. Importance of polli-
nators in changing landscapes for world crops. Proc R Soc B
Biol Sci 274:303–13. 

Klein AM , Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunning-
ham SA, Kremen C, Tscharntke T. 2008. Importance of polli-
nators in changing landscapes for world crops. Proc R Soc B
Biol Sci 274:303–13. 

Klein S , Pasquaretta C, Barron AB, Devaud J-M, Lihoreau M.
2017. Inter-individual variability in the foraging behaviour of
traplining bumblebees. Sci Rep 7:372–12. 

Lenz F , Ings TC, Chittka L, Chechkin AV, Klages R. 2012. Spa-
tiotemporal dynamics of bumblebees foraging under preda-
tion risk. Phys Rev Lett 108.098103: 1–5. 

Li JL , Cornman RS, Evans JD, Pettis JS, Zhao Y, Murphy C, Peng
WJ, Wu J, Hamilton M, Boncristiani HF et al. 2014. Systemic
spread and propagation of a plant-pathogenic virus in Euro-
pean honeybees, Apis mellifera . mBio 5:e00898–13. 10.1128/
mbio.00898-13 . 

Lihoreau M , Collett T, Raine NE, Reynolds AM, Stelzer RJ, Lim
KS, Smith AD, Osborne JL, Chittka L. 2012. Radar tracking
and motion-sensitive cameras on flowers reveal the develop-
ment of pollinator multi-destination routes over large spatial
scales. PLoS Biol 10:e1001392. 

Lihoreau M , Mailly J, Brebner J, Doussot C, Riotte-Lambert L.
2024. Modelling bee movements to improve pollination. Proj
Repos J 19:24–7. 

Lihoreau M , Raine NE, Reynolds AM, Stelzer RJ, Lim KS, Smith
AD, Osborne JL, Chittka L. 2013. Unravelling the mechanisms
of trapline foraging in bees. Commun Integr Biol 6:e22701. 

Lippert C , Feuerbacher A, Narjes M. 2021. Revisiting the eco-
nomic valuation of agricultural losses due to large-scale
changes in pollinator populations. Ecol Econ 180:106860. 

Lonsdorf E , Kremen C, Ricketts T, Winfree R, Williams N,
Greenleaf S. 2009. Modelling pollination services across agri-
cultural landscapes. Ann Bot 103:1589–600. 

Losey JE , Vaughan M. 2006. The economic value of ecological
services provided by insects. Bioscience 56:311–23. 

Lou L , Tu ZJ, Lahondère C, Vinauger C. 2024. Rhythms in in-
sect olfactory systems: underlying mechanisms and outstand-
ing questions. J Exp Biol 227.1–12. 

Mallinger RE , Gaines-Day HR, Gratton C. 2017. Do managed
bees have negative effects on wild bees?: a systematic review
of the literature. PLoS One 12:e0189268. 

Mallinger RE , Gratton C. 2014. Species richness of wild bees,
but not the use of managed honeybees, increases fruit set of
a pollinator-dependent crop. J Appl Ecol 52:323–30. 

Malovrh K , Ravnjak B, Bavcon J, Križman M. 2024. Nectar pro-
duction and three main sugars in nectar of Salvia pratensis and
Salvia glutinosa in correlation with abiotic factors. Agriculture
14:668. 

Manincor N de , Fisogni A, Rafferty NE. 2023. Warming of exper-
imental plant–pollinator communities advances phenologies,
alters traits, reduces interactions and depresses reproduction.
Ecol Lett 26:323–34. 

Mayberry MM , Naumer KC, Novinger AN, McCart DM, Wilkins
RV, Muse H, Ashman T-L, Russell AL. 2024. Learning to han-
dle flowers increases pollen collection benefits for bees but
does not affect pollination success for plants. date accessed:
May 14, 2025. bioRxiv 2024.05.10.593657 

Mayer C , Adler L, Armbruster WS, Dafni A, Eardley C, Huang
S-Q, Kevan PG, Ollerton J, Packer L, Ssymank A et al. 2011.
Pollination ecology in the 21st century: key questions for fu-
ture research. J Pollinat Ecol 3. 8–23. 

McCulloch KJ , Osorio D, Briscoe AD. 2016. Sexual dimorphism
in the compound eye of Heliconius erato : a nymphalid butterfly
with at least five spectral classes of photoreceptor. J Exp Biol
219:2377–87. 

Meehan TD , Werling BP, Landis DA, Gratton C. 2011. Agricul-
tural landscape simplification and insecticide use in the Mid-
western United States. Proc Natl Acad Sci USA 108:11500–5. 

Mitchell EAD , Mulhauser B, Mulot M, Mutabazi A, Glauser G,
Aebi A. 2017. A worldwide survey of neonicotinoids in honey.
Science 358:109–111. 

Nicholls CI , Altieri MA. 2013. Plant biodiversity enhances bees
and other insect pollinators in agroecosystems. A review.
Agron Sustain Dev 33:257–74. 

Nicolson SW , Wright GA. 2017. Plant-pollinator interactions and
threats to pollination: perspectives from the flower to the land-
scape. Funct Ecol 31:22–25. 

Obara Y , Koshitaka H, Arikawa K. 2008. Better mate in the shade:
enhancement of male mating behaviour in the cabbage butter-
fly, Pieris rapae crucivora , in a UV-rich environment. J Exp Biol
211:3698–702. 

Ohashi K , Thomson JD. 2009. Trapline foraging by pollinators:
its ontogeny, economics and possible consequences for plants.
Ann Bot 103:1365–78. 

Osterman J , Benton F, Hellström S, Luderer-Pflimpfl M, Pöpel-
Eisenbrandt A, Wild BS, Theodorou P, Ulbricht C, Paxton RJ.
2023. Mason bees and honey bees synergistically enhance fruit
set in sweet cherry orchards. Ecol Evol 13:e10289. 

Pankiw T , Page RE. 2000. Response thresholds to sucrose predict
foraging division of labor in Honeybees on JSTOR. Behav Ecol
Sociobiol 47:265–7. 

Paoli M , Giurfa M. 2024. Pesticides and pollinator brain: how do
neonicotinoids affect the central nervous system of bees? Eur
J Neurosci 60:5927–48. 

Parrey AH , Raina RH, Saddam B, Pathak P, Kumar S, Uniyal VP,
Gupta D, Khan SA. 2021. Role of bumblebees (Hymenoptera:
Apidae) in pollination of high land ecosystems: a review. Agric
Rev.43. 368–373 

Perry CJ , Søvik E, Myerscough MR, Barron AB. 2015. Rapid be-
havioral maturation accelerates failure of stressed honey bee
colonies. Proc Natl Acad Sci USA 112:3427–32. 

Philips KH , Kobiela ME, Snell-Rood EC. 2017. Developmental
lead exposure has mixed effects on butterfly cognitive pro-
cesses. Anim Cogn 20:87–96. 

Pollier A , Tricault Y, Plantegenest M, Bischoff A. 2019. Sow-
ing of margin strips rich in floral resources improves her-
bivore control in adjacent crop fields. Agr For Entomol 21:
119–129. 

Proesmans W , Albrecht M, Gajda A, Neumann P, Paxton RJ,
Pioz M, Polzin C, Schweiger O, Settele J, Szentgyörgyi H et al.
2021. Pathways for novel epidemiology: plant–pollinator–
pathogen networks and global change. Trends Ecol Evol 36:
623–36. 

Rader R , Bartomeus I, Garibaldi LA, Garratt MPD, Howlett BG,
Winfree R, Cunningham SA, Mayfield MM, Arthur AD, An-
dersson GK et al. 2015. Non-bee insects are important con-

file:10.1128/mbio.00898-13
https://www.biorxiv.org/content/10.1101/2024.05.10.593657v1


Plant-pollinator interactions in the Anthropocene 1005

 

R  

 

R  

 

R  

 

 

R  

 

 

R  

 

 

R  

R  

 

R  

 

R  

R  

 

 

R  

 

R  

S  

 

S  

 

S  

 

S  

 

 

S  

 

 

S  

 

S  

 

 

S  

 

S  

 

S  

 

S  

S  

 

 

S  

 

S  

 

S  

 

T  

 

T  

 

T  

 

 

T  

 

 

 

T  

 

V  

 

 

V  

 

V  

 

 

W  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/65/4/991/8152797 by U

niversity of W
isconsin System

 user on 24 O
ctober 2025
tributors to global crop pollination. Proc Natl Acad Sci USA
113:146–51. 

afferty NE , Diez JM, Bertelsen CD. 2020. Changing climate
drives divergent and nonlinear shifts in flowering phenology
across elevations. Curr Biol 30:432–441.e3. 

atnayake MN , Dyer AG, Dorin A. 2021. Tracking individual
honeybees among wildflower clusters with computer vision-
facilitated pollinator monitoring. PLoS One 16:e0239504. 

eilly JR , Artz DR, Biddinger DJ, Bobiwash K, Boyle NK, Brit-
tain C, Brokaw J, Campbell JW, Daniels JC, Elle E et al. 2020.
Crop production in the USA is frequently limited by a lack of
pollinators. Pro Roy Soc B 287:20200922. 

eitmayer CM , Ryalls JMW, Farthing E, Jackson CW, Girling
RD, Newman TA. 2019. Acute exposure to diesel exhaust in-
duces central nervous system stress and altered learning and
memory in honey bees. Sci Rep 9:5793. 

ittschof CC , Haramoto ER, Potter DW, Denny AS, Harri-
son JW. 2023. Impacts of fallow cropland winter “w eeds” on
honey bee pre-swarm colony growth. Agric Ecosyst Environ
356:108653. 

ittschof CC , Hughes KA. 2018. Advancing behavioural ge-
nomics by considering timescale. Nat Commun 9:489. 

obertson SM , Dowling APG, Wiedenmann RN, Joshi NK,
Westerman EL. 2021. Nocturnal pollinators significantly con-
tribute to Apple production. J Econ E`ntomol 114:2155–61. 

ose-Person A , Santiago LS, Rafferty NE. 2024. Drought stress
influences foraging preference of a solitary bee on two wild-
flowers. Ann Bot 135. 153–164. 

oulston TH , Goodell K. 2011. The role of resources and risks in
regulating wild bee populations. Annu Rev E`ntomol 56:293–
312. 

ourke KE , Morandin LA, Dakin M, Wojcik V, Hart J, Adams
I 2022 SupportingPollinators in Agricultural Landscapes: A
technical guide for farmers and ranchers in the Northeast Pol-
linator Partnership 

ussell AL , Buchmann SL, Papaj DR. 2017. How a generalist bee
achieves high efficiency of pollen collection on diverse floral
resources. Behav Ecol 28:991–1003. 

usso L . 2016. Positive and negative impacts of non-native bee
species around the world. Insects 7:69. 

aunier A , Grof-Tisza P, Blande JD. 2022. Effect of ozone expo-
sure on the foraging behaviour of Bombus terrestris . Environ
Pollut 316:120573. 

caven VL , Rafferty NE. 2013. Physiological effects of climate
warming on flowering plants and insect pollinators and poten-
tial consequences for their interactions. Curr Zool 59:418–26. 

chaeffer RN , Rering CC, Maalouf I, Beck JJ, Vannette RL. 2019.
Microbial metabolites elicit distinct olfactory and gustatory
preferences in bumblebees. Biol Lett 15:20190132–35. 

chweiger O , Biesmeijer JC, Bommarco R, Hickler T, Hulme PE,
Klotz S, Kühn I, Moora M, Nielsen A, Ohlemüller R et al. 2010.
Multiple stressors on biotic interactions: how climate change
and alien species interact to affect pollination. Biol Rev 85:777–
95. 

epúlveda-Rodríguez G , Roberts KT, Araújo P, Lehmann P,
Baird E. 2024. Bumblebee thermoregulation at increasing
temperatures is affected by behavioral state. J Therm Biol
121:103830. 

iviter H , Bailes EJ, Martin CD, Oliver TR, Koricheva J, Lead-
beater E, Brown MJF. 2021. Agrochemicals interact synergis-
tically to increase bee mortality. Nature 596:389–92. 
iviter H , Muth F. 2022. Exposure to the novel insecti-
cide flupyradifurone impairs bumblebee feeding motiva-
tion, learning, and memory retention. Environ Pollut 307:
119575. 

luijs JP van der , Vaage NS. 2016. Pollinators and global food se-
curity: the need for holistic global stewardship. Food Ethics
1:75–91. 

ouza-Junior JBF , Queiroz JPAFD, Linhares CM, de S. 2019. In-
fluence of the thermal environment on the stingless bee forag-
ing activity: a mini-review. J Anim Behav Biometeorol 7:176–
8. 

prayberry JDH , Ritter KA, Riffell JA. 2013. The effect of olfac-
tory exposure to non-insecticidal agrochemicals on bumble-
bee foraging behavior. PLoS One 8:e76273. 

prayberry JDH . 2018. The prevalence of olfactory- versus
visual-signal encounter by searching bumblebees. Sci Rep 8:1–
10. 

tanley DA , Garratt MPD, Wickens JB, Wickens VJ, Potts SG,
Raine NE. 2015. Neonicotinoid pesticide exposure impairs
crop pollination services provided by bumblebees. Nature
528:548–50. 

tein LR , Bukhari SA, Bell AM. 2018. Personal and transgener-
ational cues are nonadditive at the phenotypic and molecular
level. Nat Ecol Evol 2:1306–11. 

tuligross C , Williams NM. 2021. Past insecticide exposure re-
duces bee reproduction and population growth rate. Proc Natl
Acad Sci USA 118:e2109909118. 

uchan T , Talavera G, Sáez L, Ronikier M, Vila R. 2019. Pollen
metabarcoding as a tool for tracking long-distance insect mi-
grations. Mol Ecol Resour 19:149–62. 

atarko AR , Leonard AS, Mathew D. 2023. A neonicotinoid pes-
ticide alters Drosophila olfactory processing. Sci Rep 13:10606.

heis N , Adler LS. 2012. Advertising to the enemy: enhanced flo-
ral fragrance increases beetle attraction and reduces plant re-
production. Ecology 93:430–5. 

heis N , Lerdau M, Raguso RA. 2007. The challenge of attract-
ing pollinators while evading floral herbivores: patterns of fra-
grance emission in Cirsium arvense and Cirsium repandum
(Asteraceae). Int J Plant Sci 168:587–601. 

hogmartin WE , Wiederholt R, Oberhauser K, Drum RG, Dif-
fendorfer JE, Altizer S, Taylor OR, Pleasants J, Semmens D,
Semmens B et al. 2017. Monarch butterfly population decline
in North America: identifying the threatening processes. R Soc
Open Sci 4:170760. 

osi S , Nieh JC. 2019. Lethal and sublethal synergistic effects of a
new systemic pesticide, flupyradifurone (Sivanto®), on honey-
bees. Proc R Soc B Biol Sci 286:20190433. 

aldovinos FS , Brosi BJ, Briggs HM, Espanés PM de, Ramos-
Jiliberto R, Martinez ND. 2016. Niche partitioning due to
adaptive foraging reverses effects of nestedness and con-
nectance on pollination network stability. Ecol Lett 19:1277–
86. 

aldovinos FS , Espanés PM de, Flores JD, Ramos-Jiliberto R.
2013. Adaptive foraging allows the maintenance of biodiver-
sity of pollination networks. Oikos 122:907–17. 

oß A-C , Hauertmann M, Laufer M-C, Lach A, Junker RR, Eil-
ers EJ. 2023. Fungicides and strawberry pollination–Effects on
floral scent, pollen attributes and bumblebee behavior. PLoS
One 18:e0289283. 
ade A , Lin C-H, Kurkul C, Regan ER, Johnson RM. 2019. Com-
bined toxicity of insecticides and fungicides applied to Califor-



1006 J. D.H. Sprayberry et al.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/art
nia almond orchards to honey bee larvae and adults. Insects
10:20. 

Walker WH , Meléndez-Fernández OH, Nelson RJ, Reiter RJ.
2019. Global climate change and invariable photoperiods: a
mismatch that jeopardizes animal fitness. Ecol Evol 9:10044–
54. 

Wang B , Geng X, Ma L, Cook JM, Wang R. 2014. A trophic cas-
cade induced by predatory ants in a fig–fig wasp mutualism. J
Anim Ecol 83:1149–57. 

Waser NM , Price MV. 1998. What plant ecologists can learn from
zoology. Perspect Plant Ecol Evol Syst 1:137–50. 

Wei N , Kaczorowski RL, Arceo-Gómez G, O’Neill EM, Hayes RA,
Ashman T-L. 2021. Pollinators contribute to the maintenance
of flowering plant diversity. Nature 597:688–92. 

Whitehorn PR , O’Connor S, Wackers FL, Goulson D. 2012.
Neonicotinoid pesticide reduces bumble bee colony growth
and queen production. Science 336:351–2. 

Winfree R , Williams NM, Gaines H, Ascher JS, Kremen C. 2008.
Wild bee pollinators provide the majority of crop visitation
across land-use gradients in New Jersey and Pennsylvania,
USA. J Appl Ecol 45:793–802. 

Woodgate JL , Makinson JC, Lim KS, Reynolds AM, Chit-
tka L. 2017. Continuous radar tracking illustrates the de-
C © The Author(s) 2025. Published by Oxford University Press on behalf of the 
commercial re-use, please contact reprints@oup.com for reprints and translat
our RightsLink service via the Permissions link on the article page on our site
velopment of multi-destination routes of bumblebees. 
Sci Rep 7:1–15. 

Woodgate JL , Makinson JC, Rossi N, Lim KS, Reynolds AM,
Rawlings CJ, Chittka L. 2021. Harmonic radar tracking reveals
that honeybee drones navigate between multiple aerial leks.
iScience 24:102499. 

Yoshida M , Itoh Y, Ômura H, Arikawa K, Kinoshita M. 2015.
Plant scents modify innate colour preference in foraging swal-
lowtail butterflies. Biol Lett 11:20150390. 

Yousry N , Henderson P, Sprayberry JD. n.d. Fungicide
scent pollution disrupts floral- search and -selection
in the bumblebee Bombus impatiens . Agrochemicals 2:
181–92. 

Zabel F , Delzeit R, Schneider JM, Seppelt R, Mauser W, Vá-
clavík T. 2019. Global impacts of future cropland expansion
and intensification on agricultural markets and biodiversity.
Nat Commun 10:2844. 

Zhang Q , Tian Y. 2022. Molecular insights into the transgenera-
tional inheritance of stress memory. J Genet Genom 49:89–95.

Zuckerberg B , Cohen JM, Nunes LA, Bernath-Plaisted J, Clare
JDJ, Gilbert NA, Kozidis SS, Nelson SBM, Shipley AA, Thomp-
son KL et al. 2020. A review of overlapping landscapes: pseu-
doreplication or a red herring in landscape ecology? Curr
Landsc Ecol Rep 5:140–8. 
Society for Integrative and Comparative Biology. All rights reserved. For 
ion rights for reprints. All other permissions can be obtained through 
-for further information please contact journals.permissions@oup.com 

icle/65/4/991/8152797 by U
niversity of W

isconsin System
 user on 24 O

ctober 2025

mailto:reprints@oup.com
mailto:journals.permissions@oup.com

	Introduction
	The interconnected scales at which organisms live drive complexity in plant-pollinator systems
	An organismally informed systems approach is needed to elucidate emergent phenomena in plant-pollinator interactions
	Systems approaches will improve our understanding of plant-pollinator responses to anthropogenic stressors
	Example 1: climate change
	Example 2: agricultural systems
	Acknowledgments
	Funding
	Conflict of interest
	Data availability
	References

