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Plant—pollinator interactions and phenological change: what can we
learn about climate impacts from experiments and observations?
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Climate change can affect plant—pollinator interactions in a variety of ways, but much of the research attention has
focused on whether independent shifts in phenology will alter temporal overlap between plants and pollinators. Here I
review the research on plant—pollinator mismatch, assessing the potential for observational and experimental approaches
to address particular aspects of the problem. Recent, primarily observational studies suggest that phenologies of
co-occurring plants and pollinators tend to respond similarly to environmental cues, but that nevertheless, certain pairs
of interacting species are showing independent shifts in phenology. Only in a few cases, however, have these independent
shifts been shown to affect population vital rates (specifically, seed production by plants) — but this largely reflects a lack of
research. Compared to the few long-term studies of pollination in natural plant populations, experimental manipulations
of phenology have yielded relatively optimistic conclusions about effects of phenological shifts on plant reproduction, and
I discuss how issues of scale and frequency-dependence in pollinator behaviour affect the interpretation of these ‘temporal
transplant’ experiments. Comparable research on the impacts of mismatch on pollinator populations is so far lacking, but
both observational studies and focused experiments have the potential to improve our forecasts of pollinator responses
to changing phenologies. Finally, while there is now evidence that plant—pollinator mismatch can affect seed production
by plants, it is still unclear whether this phenological impact will be the primary way in which climate change affects
plant—pollinator interactions. It would be useful to test the direct effects of changing climate on pollinator population

persistence, and to compare the importance of phenological mismatch with other threats to pollination.

How great is the threat posed by climate change to plant—
pollinator interactions? Most attention has focused on
possible impacts of climate change on temporal overlap
between flowering and pollinator activity: if phenologies
of plants and pollinators are not equally affected by warm-
ing temperatures, ‘temporal mismatches’ or ‘phenological
mismatches’ might develop - that is, periods during
a plant’s flowering season or a pollinator’s active season
when interaction partners are scarce or absent, either
because their seasonal activity period is already finished or
because it has not yet started. Such asynchronies could
decrease interaction rates between plants and pollinators
(at least over a part of the season), relative to the historical
norm to which we assume these organisms have adapted.
Decreased rates of interaction might adversely affect
populations of plants, pollinators, or both. However, other,
non-phenological, impacts of climate change on plant—
pollinator interactions are also plausible (Hegland et al.
2009, Willmer 2012). For instance, increasing drought
severity might reduce survival, flowering, or nectar produc-
tion of certain plants (Carroll et al. 2001, Penuelas et al.
2004), resulting in lower resource availability for flower-
dependent animals, lower reproductive potential for those
plants, and potentially lower pollination success and plant

population declines as well. Increased atmospheric carbon
dioxide concentrations can also have direct effects on nec-
tar production (Rusterholz and Erhardt 1998, Lake and
Hughes 1999, Erharde et al. 2005) as well as on plant
growth and reproduction (Jablonski et al. 2002, Poorter
and Navas 2003). The relative importance of these varied
impacts of climate change on plants and pollinators is
difficult to assess.

To appropriately direct research and conservation efforts,
we need to know how the threat of phenological mismatch
compares to other threats to plant and pollinator popula-
tions. To make this comparison, we must 1) determine
if mismatch is happening and is likely to worsen with
further climate warming, 2) evaluate whether such mis-
matches will reduce population viability of plants or pollina-
tors, and 3) weigh these reductions against other impacts
of environmental change (although here I will focus specifi-
cally on climate change). A variety of approaches have been
used to assess the first two of these problems, including sim-
ulation modelling, analysis of long-term data, and experi-
mentation (Rafferty et al. 2013). Although experimental
approaches can provide unique insights, experimentally test-
ing the impacts of climate change on plant-animal inter-
actions poses several logistical and conceptual challenges, as



I discuss below. On the other hand, observational studies are
frequently unable to determine conclusively the mechanistic
basis for observed patterns. Here, I will review what we have
learned so far about mismatches between pollinators and
pollinator-dependent plants from both experimental and
observational approaches, and then critically evaluate the
potential for further experiments and observations to deepen
our understanding of climate-change impacts on pollination
— including the likelihood of worsening mismatch, the
consequences of mismatch, and its relative importance.

Is mismatch happening, and is it likely to get worse?

Temporal mismatches are expected if phenologies of differ-
ent organisms are regulated by different types of environ-
mental cues, or if phenologies are regulated in different ways
by the same type of environmental cue (e.g. responding at
varying rates to rising temperatures). Studies evaluating
which variables predict seasonal timing of flowering and
insect pollinator emergence often find that temperatures are
good predictors of both plant and pollinator phenology, at
least in temperate and Mediterranean regions (Hegland et al.
2009, Gordo and Sanz 2005, Doi et al. 2008, Forrest and
Thomson 2011). Both warm temperatures in spring and
cold temperatures in winter seem to be important for
temperate-region plants and insects (Bosch and Kemp 2003,
Kraemer and Favi 2010, Tooke and Battey 2010, Forrest
and Thomson 2011, Laube et al. 2014), although the details
of how temperature affects plants and insects may differ.
Timing of snowmelt is highly correlated with flowering time
and activity periods of many plants and some flower-visiting
animals (Inouye et al. 2003, Green 2010, Lambert et al.
2010, Iler et al. 2013b, Kudo and Ida 2013); however, the
apparent effect of snowmelt on phenology may be indirect,
driven by its effect on soil temperatures — for which long-
term data are unavailable. Other factors, such as rainfall and
day-length, are known to influence phenology in some habi-
tats and some taxa (Crimmins et al. 2010, Friedman and
Willis 2013), but so far there is no information on the role
they play in synchronizing plants and pollinators — perhaps
because published data on pollinator phenology are lacking
for deserts and the tropics. Migratory species (including
hummingbirds) may be quite vulnerable to mismatch with
their food supply because they must respond to seasonal cues
in a different environment than the one to which they are
headed (McKinney et al. 2012). However, at least some
migratory species are able to adjust the rate of their journey
according to climate cues experienced en route (Bauer et al.
2008), suggesting that migrants may be able to time their
springtime arrival appropriately even if cues in the winter
and summer territories are mismatched.

Observations

We have no information so far to indicate that plants and
insect pollinators in a given locality use fundamentally dif-
ferent phenological cues. Indeed, several recent analyses of
long-term data suggest similar phenological shifts in plants
and insect pollinators in response to climate warming. A
large-scale study using museum records of bee activity in
the northeastern USA and published data on flowering
phenology suggests there have been essentially parallel

changes in plant and bee phenology over the last 130 years
(Bartomeus et al. 2011). Similarly, long-term data from
Russia show good maintenance of synchrony between
first appearances of bumble bees Bombus spp. and early-
flowering plants (Ovaskainen et al. 2013). Rafferty and Ives
(2011) also concluded that the plant species they studied
in the midwestern USA were not mismatched with their
flower visitors, despite several of these plants having
significantly advanced their flowering times over the past
century. In a study in Illinois, USA, bees and forbs also dem-
onstrated comparable average phenological shifts over a
120 year period (Burkle et al. 2013). The authors did attri-
bute the loss of certain specific interactions to lack of tempo-
ral co-occurrence, but some of these losses may have been
due to reduced population sizes rather than independently
shifting phenologies (Burkle et al. 2013).

Nevertheless, there are examples of non-parallel shifts in
plant and flower-visitor phenology. Gordo and Sanz (2005)
documented a growing gap between first appearances of
honey bees Apis mellifera and cabbage white butterflies Pieris
rapae and the first flowering of several likely food plants in
the Iberian peninsula, suggesting greater temperature-
sensitivity on the part of the insects. Long-term data from
Japan, in contrast, suggest that flowering of local fruit trees
is generally more responsive to temperature than is P rapae
phenology (Ibdfez et al. 2010, Ellwood et al. 2012). In fact,
by appearing later, the butterfly has become better
synchronized with cherry flowering over the years (Doi et al.
2008) — although shrinking butterfly populations seem to
play a role in this trend (Ellwood et al. 2012). In any case,
while P rapae and Prunus spp. may be representative of
broader assemblages of flower visitors and plants, it seems
unlikely that there is any meaningful interdependence
between P rapae and Prunus flowers in particular. In
contrast, the Japanese woodland ephemeral Corydalis
ambigua is largely reliant on queen bumble bee visits, and
flowering onset of C. ambigua appears more responsive
than bumble bee emergence to fluctuations in snowmelt
date (Kudo and Ida 2013). Consequently, years and sites
with early flowering have seen greater mismatch between
flowering and subsequent bee appearance (Kudo and Ida
2013). This has not yet led to an increase in mismatch over
time, since there has been no detectable temporal trend in
snowmelt (despite increasing air temperatures); however,
growing mismatch seems a strong possibility for the future.

Even if plants and pollinators respond similarly to envi-
ronmental cues, they may experience somewhat different
environments. For example, Visscher et al. (1994) observed
delayed emergence of the andrenid bee Calliopsis pugionis
relative to its primary pollen source, Encelia farinosa, in an
unusually rainy year. In this case, the mismatch can be
explained by the fact that the bee nests in seasonally flooded
pools, while the plant grows in the drier upland areas (the
latter being less affected by heavy rainfall). However, it is not
expected that flooding episodes (and, therefore, asynchrony)
will occur more frequently in the future. In a similar fashion,
bees that nest in above-ground cavities in wood or hollow
stems are exposed to somewhat different overwintering con-
ditions than the plants they depend on, which may be cov-
ered by soil, snow, or water. This difference in microhabitat
raises the possibility that above-ground-nesting bees might



(all else being equal) be more prone to mismatch with the
flowering of their food plants, compared to bees that over-
winter in the ground.

Opverall, the long-term data indicate a general mainte-
nance of synchrony — so far — between plants and pollina-
tors, albeit with some exceptions and with the caveat
that the available data are strongly biased toward north-
temperate locations. Assessing the prospects for future
maintenance of synchrony requires experimentation or
extrapolation of current trends to future climate conditions,
and extrapolation is problematic if we have not correctly
identified the actual drivers of phenology. Analysis of
long-term phenology data often involves calculating corre-
lations between phenology and a limited number of abiotic
variables (e.g. mean temperatures in the months before
flowering or emergence, often from a nearby weather
station) to identify potential drivers (Sparks et al. 2005,
Ellwood et al. 2012, Calinger et al. 2013). This approach
can suggest hypotheses about the actual factors controlling
phenology. However, correlations based on historical data
may fail to identify the actual mechanisms responsible for
changing phenology, particularly if the available weather
data do not capture the conditions actually experienced by
the organisms. For instance, past associations between
warming temperatures and advancing phenology may
saturate or even reverse themselves if warm temperatures
lead to a failure to meet winter chilling requirements
(Cook et al. 2012). Forecasts of advancing phenology with
earlier snowmelt will also fail if temperature is the true
driver and if early snowmelt is not reliably associated with
warm temperatures (see Steltzer et al. 2009, Iler et al. 2013a
for evidence of such an effect). Although a late snowmelt
will inevitably delay soil warming, setting a lower bound on
the onset of growth for organisms overwintering below-
ground, early snowmelt (while air temperatures are still
below freezing) may not hasten development of below-
ground organisms. Threshold responses (for instance, in
the case of pollinators that are unable to forage above or
below certain critical temperatures; Willmer and Stone
2004) and interactions among environmental cues (e.g.
photoperiod and temperature) can also invalidate extra-
polations based on single-variable linear relationships that
may have adequately described phenologies in the past.

Experiments

Experimental approaches in combination with observations
hold promise for developing more robust forecasts of future
phenological mismatch, but they also have limitations.
Outdoor warming experiments (e.g. using open-top cham-
bers or overhead heaters) generally do not manipulate phe-
nology of pollinators, which are most likely to enter the
experimental plots from unmanipulated surrounding habi-
tat (although emergence phenology of ground-nesting
pollinators could in principle be monitored within the
experimental plots). In addition, warming experiments of
this type are known to introduce experimental artefacts and
underpredict climate-driven change in plant phenology
(Wolkovich et al. 2012); despite their natural setting, they
cannot therefore be viewed as accurate simulations of future
global warming. Growth-chamber experiments provide an
alternative approach to testing the simpler mechanistic

hypotheses suggested by historical data — for example, poten-
tially isolating the effects of winter versus spring warming
on phenology (Laube et al. 2014) — although they cannot
simulate all potentially relevant aspects of future climates
(e.g. alterations in precipitation). Many organisms cannot
be reared in a growth chamber for their entire life cycle; but
dormant, overwintering bees could be reared until emer-
gence. Results of such experiments could be used to param-
eterize mechanistic, ‘process-based’ phenology models for
the species of interest (Chuine et al. 2003, Régniere et al.
2012), which could then be used in conjunction with
regional climate models to assess the likelihood of future
phenological mismatch in a given region. In some cases, it
may be possible to rear plants and pollinators in the same
experimental environment to determine whether future
temperature regimes are likely to produce mismatch. Such
an approach has apparently not yet been attempted with
plants and pollinators, but there are precedents with plants
and herbivores (Liu et al. 2011, Gillespie et al. 2012).
Clearly, once pollinators emerge from dormancy the
potential for growth chambers to simulate the larger out-
door environment is greatly reduced — few controlled-
environment arenas are likely to provide an adequate
spatial scale for a flying insect — but the approach may be
useful for studying phenology of pollinator emergence and
plant flowering under novel conditions. Regardless, any
such experiment must be interpreted carefully, since it
does not allow for evolutionary adjustments by the organ-
isms: Confronting a small experimental population with a
radically altered climate regime may produce more
dramatic effects than would a more gradual change in a
larger population.

To summarize so far, the available observational evidence
suggests that temporal mismatch between plants and
pollinators is not impossible, but it is rare. Furthermore, the
environmental conditions that have produced mismatches in
the past do not — so far — appear to be increasing in fre-
quency with climate change. Experimental studies will be
needed to test whether novel climatic conditions are likely
to generate mismatches in the future, but researchers will
need to recognize the inferential limitations of any such
experiment.

Does plant—pollinator mismatch threaten plant or
pollinator populations?

If temporal mismatches between plants and pollinators
are a plausible outcome of climatic change, we would like
to know how such mismatches will affect population
dynamics of the taxa involved. However, linking observed
or projected mismatches to demographic outcomes has
been a challenge for researchers (Miller-Rushing et al.
2010). Part of the problem is that we lack crucial baseline
information: for most populations, we do not know
which variables limit population size (Roulston and
Goodell 2011) and therefore are poorly placed to make pro-
jections about how changes in rates of species interactions
will affect population growth rates. We should only
expect reductions in temporal overlap between plants and
pollinators to cause population declines if it is the avail-
ability of suitable pollen (and nectar, in the pollinator case)



that, at least occasionally, regulates those populations. The
demographic impacts of predators, parasites, and availabil-
ity of abiotic resources may frequently be more important,
making it challenging — if not completely pointless — to
search for demographic consequences of phenological mis-
match with mutualists (cf. Miller-Rushing et al. 2010).

Observations

Despite the potentially overriding impacts of resources, her-
bivores and seed predators, some observational data do sug-
gest impacts of plant—pollinator mismatch on plant
reproduction. One long-term study on an early-flowering
plant (which included repeated pollen supplementation
experiments) has shown that seed set is increasingly limited
by inadequate pollination, possibly because of growing
phenological mismatch with bumble bee queens, the main
pollinators (Thomson 2010). Phenological mismatch with
Bombus queens is associated with low seed set in the early-
flowering C. ambigua (Kudo et al. 2004, Kudo and Ida
2013); and, as noted above, mismatch is more pronounced
in years with especially early flowering, suggesting that
future advances in springtime phenology could increase
the frequency of reproductive failure for this plant. Early-
flowering plants that are strongly reliant on a single type
of pollinator, like those studied by Thomson (2010) and
Kudo and Ida (2013), may be most at risk of total mismatch
with pollinators and consequent reductions in seed set.
On the other hand, such relatively specialized plants should
also have experienced stronger selection to synchronize
emergence with that of their pollinators; we might expect
mismatches to occur comparatively rarely in these taxa in
which the consequences of mismatch would be most severe.
Later-flowering plants that can be pollinated by a diverse
assemblage of visitors should be less vulnerable to declines
in reproductive output as a result of phenological changes,
even if certain plant—pollinator pairings are disrupted
(Bartomeus et al. 2013).

Although pollinator extinctions have been predicted as a
consequence of mismatch with food plants (Memmott
et al. 2007), I am unaware of any data showing pollinator
population declines to be a clear consequence of temporal
mismatch with floral resources. Burkle et al. (2013) attrib-
uted a substantial fraction of lost plant—bee interactions in
their pollination network to phenological mismatch, but it
cannot be determined whether the apparent mismatches
were a cause or a consequence of pollinator declines.
Boggs and Inouye (2012) showed that abundance of the but-
terfly Speyeria mormonia could be partially predicted by
availability of Erigeron speciosus flowers (an important nectar
resource) in the preceding year; however, the association is
unrelated to phenological overlap between the plant and the
butterfly. A study by Heye et al. (2013) is more relevant to
the issue of phenological mismatch: They found a correla-
tion between fly abundance at their Arctic field site and
the extent of phenological overlap between community-
wide flowering and fly activity in the preceding year. Again,
however, it is unclear if the relationship is a causal one, as
some Diptera species are not flower visitors (and some are
completely non-feeding as adults).

While some butterfly and fly species can certainly be
important pollinators for some plants, the insects that seem

most likely to suffer from mismatch with flowering are bees,
because of their dependence on floral resources for larval
development as well as for adult activity and fecundity.
Studies linking vital rates of bee populations to their
temporal coincidence with floral resources are scarce. There
is evidence that the timing of floral resource pulses
affects growth of bumble bee Bombus vosnesenskii colonies
(Williams et al. 2012), although no effect on colony repro-
duction has been observed. It seems possible that solitary
bees, with their shorter seasonal activity periods, would be
more strongly affected by the timing of resource availability.
Cavity-nesting bees provide a good candidate system for
studying how temporal overlap with particular floral
resources affects population vital rates (see Williams and
Kremen 2007 for one approach), and studies are under
way in Colorado and Arizona, USA, to investigate this ques-
tion in natural settings (P. CaraDonna). However, for
many bee taxa, even basic ecological information — for
example, on level of pollen specialization (lecty) or typical
foraging range — is currently unavailable and would be
very useful in determining the risk of population declines
caused by phenological shifts. In fact, many pollinators
likely have far greater dietary flexibility than was assumed
by Memmott et al. (2007) and would adopt new food
sources in situations where preferred plants were lacking.
We have substantial evidence that plant—pollinator
linkages are flexible and that apparent specialization in
a given site or year need not reflect true dependence
(Petanidou et al. 2008, Benadi et al. 2014) — although it
must be noted that observational studies of visitation
networks may underestimate pollen specialization, as many
pollen-specialist bees (oligoleges) are generalists when
it comes to nectar-foraging (Wcislo and Cane 1996). In
addition, we still have little information on how long
bees can survive without nectar following emergence, how
long they can wait for pollen before they begin nesting, or
how far they can fly to reach a good food patch before
initiating their nest. At 20°C in the lab, male Osmia bees
can survive for up to a week without food, depending in
part on the size of the individual’s fat reserves (Bosch et al.
2010), but metabolic rates would be lower, and longevity
would likely be greater, at lower (but still above-freezing)
temperatures (Meurisse et al. 2012). Female longevity may
be somewhat lower than that of males (Bosch and Kemp
2000), but even so, emergence slightly before appearance of
floral resources may be tolerable. It is worth noting that
within a solitary bee population, emergence can occur
over a period of several weeks (Forrest and Thomson 2011),
indicating that imprecision is a normal phenomenon.

If mismatched phenology with floral resources reduces
offspring production in bees, there should be strong selec-
tion for altered phenology or floral host use (Sedivy et al.
2008). So far, there has been little study of the potential
for evolutionary change in phenology in bee populations
(or those of other pollinators), but the existence of
locally adapted developmental schedules within bee species
clearly indicates that adaptive adjustments are possible
(Sgolastra et al. 2012). The lack of study in bees contrasts
with the situation in plants, in which evolution of pheno-
logy is well studied (Anderson et al. 2012, Franks et al.
2007). Given adequate genetic variation, response to selection



should be relatively rapid in bee populations, which often
have short (one year) generation times. However, this opti-
mistic conclusion neglects the possibility of conflicting selec-
tion pressures and developmental constraints that may limit
the range of evolutionary options. This area of study deserves
more attention.

Experiments

Manipulative field experiments are one way to test the
impacts of plant—pollinator mismatch in the absence
of long-term data on plant or pollinator reproductive suc-
cess. Researchers can directly alter plant or pollinator phe-
nology and monitor changes in interaction strength and
population vital rates relative to unmanipulated controls. I
will refer to such experiments as ‘temporal transplants’.
This approach was used by Rafferty and Ives (2011, 2012)
and by Parsche et al. (2011), who manipulated flowering
time by growing experimental plants under different
light and temperature regimes. Artificially advanced and
control plants were then placed in the field to be visited by
the local insect community. Rafferty and Ives (2011) found
generally high visitation for experimentally advanced plants,
although they also detected reduced mean pollinator
effectiveness in response to advanced flowering for two spe-

cies that they studied in detail (Rafferty and Ives 2012). In
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contrast, Parsche et al. (2011) observed fewer flower visitors
on experimentally advanced plants — but also fewer antago-
nistic flower beetles, and, perhaps as a result, higher seed
set. Just as these authors experimentally altered flowering
phenology, one could rear insect pollinators such as Osmia
bees such that they emerge as adults at different times (as is
commonly done for agricultural applications; Bosch et al.
2000) and subsequently monitor their nesting success —
although observing post-manipulation fitness of small wild
animals is a non-negligible challenge.

However, linking the results of temporal transplant
experiments back to climate-change effects on real ecosys-
tems is complicated. For one thing, such experiments manip-
ulate only one component of the community and therefore
may not simulate the actual phenological changes expected
with climate change. Nevertheless, if sufficient information
is available on expected mismatches (see ‘Is mismatch hap-
pening...?” above), it may be possible to manipulate
communities such that they do mimic expected future
assemblages. Still, there remains a second, conceptual, prob-
lem with such an experiment, which is one of scale:
Temporal transplants necessarily alter the phenology of only
a few small subpopulations, which become islands of
advanced or delayed individuals in a sea of unmanipulated
individuals (Fig. 1, upper panels). Small, isolated popula-
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Figure 1. Hypothetical outcomes of temporal transplant experiments with an animal-pollinated plant. Panels to the left show possible
experimental set-ups for early, control, and late transplants, respectively. Panels to the right show summary plots of hypothetical results, in
terms of visitation to the focal species (the grey flower), assuming that pollinators preferentially visit the species that is most abundant in
each panel. Upper panels show small-scale manipulations of single-species experimental arrays, illustrated by the central boxes containing
a high density of the focal species (these represent a single replicate; an actual experiment would include multiple replicate arrays). Lower
panels show altered timing of peak flowering of an entire plant population relative to other co-occurring plants, at the scale of an entire
meadow (a thought experiment). Note that phenologies of other plant species are unchanged, and pollinator abundance is similar in all
time periods. Pollinator scarcity early or late in the season would lower the expected visitation rates for those treatments. Variation in size
and density of the experimental arrays is not shown here but could also influence pollinator attraction and per-flower visitation rates in

arrays relative to surrounding flowers.



tions may suffer from mate-limitation (as noted by Hegland
et al. 2009), although it may be possible in some cases to
avoid this problem (e.g. by using self-compatible but non-
autogamous plants). In addition, isolated populations may
be inordinately attractive — or unattractive — to consumers,
including herbivores, predators and pollinators (Singer and
Wee 2005). A small patch of early-flowering plants, for
example, might be mobbed by unusually flower-constant
visitors if it is the only concentrated nectar resource in an
otherwise largely flowerless landscape (cf. Moise and Henry
2010); conversely, it might be avoided if other types of
flowers are more abundant (Smithson and Macnair 1997,
Crone 2013). Do the pollination rates observed in an exper-
imental array reflect the rates that would be experienced fol-
lowing population-wide advancements in flowering time
(Fig. 1, lower panels)? Perhaps; but not if pollinator attrac-
tion and effectiveness are influenced by patch size and con-
text — as they certainly can be (Sih and Baltus 1987,
Jennersten and Nillson 1993, Kunin 1993). Similarly, small,
temporally transplanted populations of bees might have
access to more floral resources per capita than would real
(presumably larger) populations with altered phenologies.

These arguments do not mean that temporal transplant
experiments are without value, only that their findings must
be interpreted cautiously. For plants, experiments of this
type do provide a means of testing for pollinator presence at
times outside the usual flowering period (although failure to
observe pollinator visits to experimental plants cannot be
viewed as conclusive evidence that pollinators are not pres-
ent). In addition, temporal transplants can be viewed as tests
of how selection would operate on rare, phenologically novel
mutants — rather than as tests of climate-change effects on
species interactions. For example, if bees induced to emerge
early exhibit high reproductive success in the field, it suggests
that earlier emergence could evolve in the population, pro-
vided the necessary genetic variation were present. This view-
point shifts the focus from ecological effects of climate
change to the potential for adaptive change in phenology.
Rafferty and Ives (2011) took a similar approach, arguing
that the plant species in their experiment which experienced
high visitation with advanced flowering would have the
greatest potential for evolutionary adjustments in phenology
(or would be more likely to have evolved plasticity in flower-
ing phenology). Indeed, several of the seemingly uncon-
strained species in their study were ones that had shown
advances in phenology over the preceding 70 years.

So, does the available evidence suggest that populations
are threatened by plant—pollinator mismatch? The scarce
observational data show that temporal mismatches with
pollinators are reducing seed production in some plant
populations, whereas the experimental studies — despite
manipulating flowering phenology beyond the natural
range of variation — have actually reached somewhat more
hopeful conclusions. It is possible that the observational
studies have misattributed low seed production to pheno-
logical mismatch; however, it also seems possible that
the contrasting findings are due to experimental artifacts
(e.g. small size of experimental arrays) or to differences
among study systems (e.g. use of relatively unspecialized or
later-flowering study species for experiments). So far, there
is no evidence that phenological disruption has adversely

affected pollinator populations, but this may reflect lack of
study rather than invulnerability of pollinator populations.
There is clearly room for further research on how mis-
matches are affecting (or will affect) populations of plants
and pollinators, but experimental approaches to this ques-
tion require careful design and interpretation. It may be
most productive to use experiments to study particular
components of the problem in isolation (cf. Yang and
Rudolf 2010) — for instance, testing the ability of bees to
collect or develop on the novel pollens to which they are
expected to have the greatest access in future, novel climates
(see Williams 2003 and Praz et al. 2008 for methods). While
this kind of experiment does not attempt to investigate
the impacts of climate change on whole communities of
interacting species, nor does it allow pollinators to choose
among different available pollens, it can provide useful
information on how pollinators might fare when faced
with changing overlap with particular floral resources.

How does the threat of phenological mismatch
compare to other impacts of climate change?

In addition to potentially driving phenological mismatch,
climate change may influence pollination by affecting plant
and pollinator populations in other ways. In particular,
warming temperatures can have direct (positive or negative)
impacts on growth, survival, and reproduction of plants
and animals, as can changes in precipitation and increasing
climatic variability (Table 1). For example, dry winters
are associated with low flower numbers in the following
summer for some subalpine plants (Miller-Rushing and
Inouye 2009), suggesting low reproductive potential for
the plants and low overall resource availability for flower
visitors in warmer, drier years. Early snowmelt increases the
risk that late-spring frosts will damage the flower buds of
certain plants (Inouye 2008); this, too, reduces seed pro-
duction and availability of floral resources (Boggs and
Inouye 2012; as mentioned above). Climatic variability, in
the form of extreme winter values of the Pacific Decadal
Oscillation index, is associated with population declines in
Parnassius smintheus, an alpine butterfly (Roland and Matter
2013). The precise mechanisms driving this association are

Table 1. Different types of observed or hypothesized climate-change
effects on plant and pollinator populations. Only studies showing
likely impacts on survival or reproduction are included. For both
plants and pollinators, key papers either documenting or reviewing
the phenomenon are listed. For some types of effects, research on
pollinators is unavailable. *Not an exhaustive list. Note that studies
of drought effects on wind-pollinated trees and grasses are not
included here.

Type of climate-

change effect Plants Pollinators

Heat stress reviewed by Scaven
and Rafferty 2013

Increased frequency Augspurger 2013,

reviewed by Scaven
and Rafferty 2013
Boggs and Inouye

of damaging frost  Inouye 2008 2012
Loss of insulating ~ reviewed by Pauli et al. reviewed by Pauli
snow cover 2013 etal. 2013
Altered Liancourt et al. 2012,
precipitation Pefiuelas et al. 2004*
Phenological Kudo and Ida 2013,
mismatch Thomson 2010




unknown, but desiccation in warm winters and cold expo-
sure in cold winters may both be involved. In normally
snowy parts of the world, loss of insulating snow cover in
warmer winters exposes overwintering organisms not only
to desiccation but also to potentially harmful temperature
extremes (Pauli et al. 2013). Declining snowpack may have
profound impacts on overwinter survival of hibernating
bees and dormant plants, but overwintering biology remains
relatively unstudied — despite the fact that future warming is
projected to occur disproportionately in winter (IPCC
2007). Changes in plant or pollinator population size as a
result of any of these variables are just as likely as shifting
phenology to alter plant—pollinator interactions.

Although some of the direct effects of climate change on
plant populations are relatively well studied (Table 1), there
has been little effort so far to compare their ecological
importance to that of changing synchrony between plants
and pollinators. This may be because the species that have
been used to study physiological impacts of warming (fre-
quently wind-pollinated grasses and trees) have generally
not been used to study timing of species interactions. The
same is true from a pollinator perspective — the relative
importance of phenological mismatch and physiological
effects of climate change is unknown — but this is unsurpris-
ing given the lack of information about consequences of
mismatch for pollinators. In the absence of any comparison,
it is difficult to know if the attention paid to phenological
mismatch over the last decade (Memmott et al. 2007,
Hegland et al. 2009, Fabina et al. 2010) is commensurate
with the ecological threat it poses.

Observations

One way to determine the relative importance of non-
phenological climate-change effects would be to compare
projected geographic range shifts (Wiens et al. 2009) with
projected temporal shifts (Hodgson et al. 2011), using exist-
ing observational data on species’ ranges and phenologies.
Range shifts are the outcome of population decline and
extinction in parts of a species’ range combined with popu-
lation establishment elsewhere; hence, they represent the
outcome of demographic processes acting locally. Although
joint changes in phenology and distribution in response to
climate change have been modelled for individual plants
and insects (Chuine 2010, Sondgerath et al. 2012), fore-
casted spatial and phenological shifts have seemingly not
been compared for pairs of interacting species. In principle,
either process-based or correlative modelling should allow
projections and comparisons of spatial and temporal mis-
mactch, albeit with the caveat that models are unlikely to
account for all relevant environmental variables and that
projections into novel conditions will therefore be imperfect
(Wiens et al. 2009, Buckley and Kingsolver 2012). High-
quality range and phenology projections will require
large and high-quality datasets — in this case, from sets of
interacting species. However, the increasing digitization
of georeferenced and dated museum and herbarium speci-
mens makes this type of analysis an achievable goal.

Experiments

Because of the effort required to detect effects of plant—
pollinator mismatch on populations, it makes most sense to
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build on the few existing long-term studies that have done so
to determine how other climate-change impacts measure
up. One possibility would be to subject these focal plant
species to experimental warming or snow removal, combined
with supplemental pollination, to isolate the direct effects
of altered precipitation or temperature (within the range
expected for that locality) on survival and reproduction,
independent of pollinator shortages. (It must be noted,
however, that the issues of scale noted above could influence
the interpretation of such experiments, particularly with
respect to interactions between plants and mobile herbivores
or seed predators.) Ideally, results from these experiments
would be integrated in a life-table analysis with existing
data on mismatch effects on reproduction to allow the effects
of different aspects of climate change to be compared in the
same currency (population rate of increase).

For pollinators, experimental tests of how climatic condi-
tions affect survival — independent of food supply — would
be wuseful for comparative purposes. Over-wintering
conditions could be manipulated (e.g. by conducting snow
addition/removal or rainfall manipulations, or by placing
overwintering bees in different microhabitats) and the pro-
portion of surviving bees noted in spring. This approach
is more easily applied to cavity-nesting bees in experimental
trap-nests, since numbers of dead and surviving offspring
can be easily tallied by removing and dissecting nest liners in
spring; but nest excavations could allow the same methods
to be applied to ground-nesting bees. Of course, over-
winter survival does not tell the whole story of direct
climate-change impacts on pollinators, and other types of
experiments would be necessary to evaluate the importance
of summertime climate change. One could, for example,
observe foraging rates and longevities of pollinators in
controlled-climate flight arenas well-stocked with pollen-
producing plants. However, it should be noted that actual
global warming may not expose pollinators to higher
temperatures during their flight periods if it also drives
shifts to earlier phenology, altered diel activity patterns
(cf. Rader et al. 2013), or changes in behavioural thermo-
regulation — opportunities for which would be lacking in an
indoor environment without the thermal heterogeneity
provided by solar radiation and shade.

Conclusions

Because plants and their pollinators are unlikely to respond
to environmental variables in an identical fashion — and
because, in addition, the microhabitats they occupy may not
experience precisely the same environmental conditions —
climate change has the potential to shift phenologies of
plants and pollinators relative to one another. It is clear
from various types of observational data (including long-
term and multi-site observations as well as more anecdotal
reports) that such phenological shuffling occurs regularly
at a low level, with overlap between particular pairs of
species increasing or decreasing depending on climatic con-
ditions. More dramatic disruptions, with plant or pollinator
suffering complete loss of interaction partners, seem to
occur occasionally; and in a few systems these wholesale
mismatches may be increasing in frequency with climate
change — although this has not yet been demonstrated for



even the best-studied systems. Laboratory and field experi-
ments are useful for isolating the effects of particular envi-
ronmental variables on phenologies of plants and pollinators,
and for measuring phenological responses to environmental
variation beyond the range so far observed; but historical
observations and climate-model projections will be needed
to decide which of the infinite number of possible environ-
mental manipulations to focus on.

To date, primarily observational studies have provided
the most convincing evidence that plant—pollinator mis-
match can have measurable impacts on plant reproduction,
and observational studies are likely to be critical in evaluat-
ing impacts on pollinator populations, as well. In principle,
experiments allow us to study the fitness effects of pheno-
types that do not currently occur in nature (e.g. extremely
early-flowering plants). However, because they do not
mimic actual effects of large-scale climate change, their
results must be interpreted with caution. In particular,
researchers need to be attentive to how pollinator
behaviour can be affected by the scale of experimental
manipulation.

Although we would like to be able to compare the demo-
graphic impacts of phenological mismatch with other types
of climate-change effects on populations, that goal is not
likely to be achievable for many species because of the
amount of effort required to characterize the different
climate-change impacts. However, the effort need only
be focused on those species for which we already suspect
that mismatch is important. It is for these species that it
would be most useful to know whether mismatch should
be our primary concern. Both experiments and observations
(and, ideally, demographic modelling as well) would be
useful to address this problem.

Because of the multivariate nature of climate change,
strictly observational data may lead to false attribution of a
phenological pattern to a particular climatic variable; experi-
ments are therefore necessary to tease these variables apart —
that is, if we suspect that these variables will become
uncoupled in the future. On the other hand, because of the
scale at which climate change operates, many of its effects are
not experimentally tractable. Applying an experimental
approach to a small subset of the system one wishes to study
may allow one to disentangle normally correlated variables,
but it may also make it impossible to extend the results to
large-scale changes. A better ability to forecast climate-
change effects on plant—pollinator interactions is most likely
to come from thoughtful integration of observational studies
and focused experiments.
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