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PLANT—POLLINATOR INTERACTIONS UNDER CLIMATE CHANGE:
THE USE OF SPATIAL AND TEMPORAL TRANSPLANTS'
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Crested Butte, Colorado 81224 USA; and “School of Biological Sciences, Faculty of Biology, Medicine and Health, University of
Manchester, Manchester M13 9PL, United Kingdom

Climate change is affecting both the timing of life history events and the spatial distributions of many species, including plants
and pollinators. Shifts in phenology and range affect not only individual plant and pollinator species but also interactions among
them, with possible negative consequences for both parties due to unfavorable abiotic conditions or mismatches caused by differ-
ences in shift magnitude or direction. Ultimately, population extinctions and reductions in pollination services could occur as a re-
sult of these climate change—induced shifts, or plants and pollinators could be buffered by plastic or genetic responses or novel
interactions. Either scenario will likely involve altered selection pressures, making an understanding of plasticity and local adapta-
tion in space and time especially important. In this review, we discuss two methods for studying plant—pollinator interactions under
climate change: spatial and temporal transplants, both of which offer insight into whether plants and pollinators will be able to adapt
to novel conditions. We discuss the advantages and limitations of each method and the future possibilities for this area of study.
We advocate for consideration of how joint shifts in both dimensions might affect plant—pollinator interactions and point to key

insights that can be gained with experimental transplants.

Key words:

Climate change is affecting the phenology and distribution
of plants and animals, potentially altering demography, species
interactions, and ecosystem processes (Forrest and Miller-
Rushing, 2010; Walther, 2010). Of particular interest have been
the effects of climate warming upon plants, pollinators, and
their interactions via changes in phenology and range (Hegland
etal., 2009; Fig. 1). Many plants are flowering significantly ear-
lier than in the past, although some first flowering dates have
not changed or have shifted to later dates (Fitter and Fitter,
2002; Calinger et al., 2013; CaraDonna et al., 2014). There are
fewer long-term records of pollinator phenology, but some but-
terfly species now appear earlier in the year than they did previ-
ously (Roy and Sparks, 2000; Forister and Shapiro, 2003) and
several wild bee species have undergone a climate-associated
shift, becoming active earlier in the season (Bartomeus et al.,
2011), whereas the phenology of syrphid flies has not shifted
significantly over two recent decades (Iler et al., 2013). At the
same time, increasing evidence indicates that both plants and
animals have shifted their distributions in response to climate
change, by moving toward the poles and/or to higher elevations
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(Hughes, 2000; Parmesan and Yohe, 2003; Walther et al., 2005;
Kelly and Goulden, 2008; Chen et al., 2011; Kerr et al., 2015).
However, there is much variation in spatial responses to climate
change, resulting in range compression for some species (Kerr
et al., 2015) and range expansion for others (Doak and Morris,
2010).

If phenological changes in plants and pollinators occur in
parallel, the degree of synchronization between flowering and
pollinator activity should be maintained, although pollination
might occur earlier or later than it did prior to anthropogenic
climate change (Fig. 1B). However, if one species shifts more
than the other or in the opposite direction, these changes in phe-
nology could lead to mismatches between the timing of events
such as flowering and pollinator emergence (Fig. 1B). These
mismatches could have significant detrimental effects upon the
fitness of both the plants and pollinators, as the reduction in
plant—pollinator interactions could lead to pollination depres-
sion in the plant or to pollinator starvation (Memmott et al.,
2007). Using a simulation, Memmott et al. (2007) found that
between 17-50% of all pollinator species experienced a reduc-
tion in floral resources due to phenological mismatch, while
Burkle et al. (2013) found that phenological shifts explained
14—44% of the plant—pollinator mismatches detected by resam-
pling sites that had been studied 120 years earlier. Two bee-
pollinated plant species flowering earlier than usual in a warm
spring had reduced seed set compared to cooler years, suggest-
ing asynchrony between bee emergence and flowering phenol-
ogy with warming (Kudo et al., 2004), and longer-term study of
one of the two species further indicated a phenological mis-
match (Kudo and Ida, 2013).
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Fig. 1.

Conceptual depiction of phenological and distributional shifts in populations of plants and pollinators under climate change, with populations

depicted as single icons (after Alexander et al., 2016). The timing of flowering for plants and activity for pollinators is represented as shades along a color
scale. Pre—climate change distributions are shown in gray. (A) Positions occupied by populations pre—climate change (historical baseline). (B) Phenological/
temporal shifts alone. (C) Distributional/spatial shifts alone. (D) Joint phenological/temporal and distributional/spatial shifts. (B—D) Each panel illustrates
possible outcomes of shifts: (i) maintenance of historical interactions (indicated by O), (ii) loss of historical interactions (indicated by —), and (iii) gain of
novel interactions (indicated by +). For simplicity, population abundances and shapes of distributions are not shown. Although some shift types in this figure
appear to be less severe than others (D changes one interaction and maintains another, while C loses both interactions), these are intended only as example
outcomes. The severity of the outcome will vary depending on the pre—climate change situation, the degree of shifting of each population, and many other

factors.

Equally, if there are mismatches between the spatial shifts of
plants and their pollinators (Fig. 1C), similar consequences could
arise. As climate change occurs, the conditions at previously
favorable sites may change, becoming less favorable for plants
growing there. If plants are unable to migrate quickly enough to
track shifting environmental conditions, they may fail to adapt
to rapid changes in their surroundings (Jump and Pefiuelas,
2005). In addition, pollinators might shift their distributions in
response to changing climatic conditions (Pyke et al., 2016)
at a faster rate than plants, potentially leaving plants at trailing
edges with reduced visitation (Fig. 1C). However, to date, spa-
tial mismatches between plants and pollinators have not been
observed (Hegland et al., 2009). Simulations suggest that plant—
pollinator interaction network structure can be maintained under
pollinator range shifts, assuming that all visitors, regardless of
identity or interaction frequency, are equivalent pollinators, that
no new interactions arise, and that species lacking interactions
go extinct (Devoto et al., 2007). Although extinctions of both
plants and pollinators occurred in the simulations, Devoto et al.
(2007) attribute structural robustness to generalists and to nested-
ness. Of course, plant range limits may not be determined by
interactions with pollinators, particularly if plants are autoga-
mous (Hargreaves et al., 2015).

It is possible that when one plant—pollinator interaction is lost
through a spatial or temporal mismatch, a new interaction will
take its place. For example, Alarcén et al. (2008) found that a
plant—pollinator network changed its topology year-by-year due
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to changes in climate, as well as other factors. Similarly, novel
interactions accounted for almost half of the interactions re-
maining in sites resampled more than a century later by Burkle
et al. (2013); however, these novel interactions can entail re-
duced pollinator fidelity and effectiveness (Burkle et al., 2013).
Thus, data on fitness components such as pollen deposition and
seed set may be needed to determine the plant reproductive con-
sequences of novel interactions and potential mismatches.

Given that almost 88% of all plant species (Ollerton et al.,
2011) and around 35% of food crops (Klein et al., 2007) depend
on pollination by animals, plant—pollinator interactions form an
important component of ecological communities and provide
a critical ecosystem service. Thus, powerful experimental ap-
proaches are needed to study the consequences of climate
change—induced shifts in phenology and distribution, both for
plants themselves and for their interactions with pollinators.
This review considers the utility of experimental transplants for
studying the effects of climate change—induced shifts on plants
and pollinators and their interactions. We discuss the key insights
gained from both approaches, as well as the challenges and
drawbacks of each method.

SPATIAL TRANSPLANTS

Overview—Plants or pollinators can be moved within their
current ranges or beyond, and their fitness and interspecific
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interactions at different sites measured. To perform reciprocal
transplants, individuals from sites across an elevational or lati-
tudinal gradient are reared in common gardens at each study
site. In this way, the fitness of individuals in novel environments
can be determined, which will in turn demonstrate whether
populations have the traits or plasticity required for persistence
in novel conditions, or whether evolution would be required for
persistence outside of their current range. For example, if the
mean fitness of transplanted individuals is significantly lower
beyond vs. within their home range, then this suggests that ge-
netic change would be required for population persistence. Such
inference could be strengthened by the use of demographic
models, such as integral projection models, to determine how
the performance of individuals will influence population dy-
namics (Merow et al., 2014; Rees et al., 2014). Plasticity and
standing variation can also be measured for many different
traits, allowing various aspects of within-generation plant re-
sponse to climate change to be considered. In addition to recip-
rocal spatial transplants along existing environmental gradients,
individuals can be exposed to common conditions that simulate
future conditions and their fitness measured and/or interactions
studied. Such an approach could use environmental chambers,
greenhouses, or larger-scale manipulations of carbon dioxide,
temperature, and/or soil moisture (e.g., free air carbon dioxide
enrichment facilities). Species invasions and colonizations, as
well as assisted migrations, could also be viewed as spatial
transplants, although low replication or lack of controls present
challenges.

Spatial transplants can be used to recognize: (i) locally adapted
genotypes, which in their site of origin are more highly adapted
to the local conditions than genotypes transplanted from other
sites (Hoban et al., 2016); (ii) genotypes with “pre-adaptations,”
traits that are suited to other environmental conditions such
as higher temperatures; and (iii) genotypes with high levels of
phenotypic plasticity, allowing them to persist in novel envi-
ronments or to survive under changing conditions (Anderson
and Gezon, 2015). It is important to identify these three (non-
mutually exclusive) characteristics of plants and pollinators, as
both plastic and evolutionary responses can influence persis-
tence under climate change, and plasticity itself can be selected
for (Franks et al., 2014).

First, local adaptation can influence persistence in changing
conditions as the fitness of locally adapted genotypes may be
reduced when conditions change (Franks et al., 2014). This
may influence migration rates of populations, because locally
adapted genotypes are likely to shift with their climate opti-
mum. However, if migration is constrained by poor dispersal or
habitat fragmentation, local adaptation may increase the risk of
extinction as the climate optimum shifts away from the species’
range (Jump and Pefiuelas, 2005). On the other hand, local ad-
aptation indicates that populations possessed adequate genetic
variation to enable adaptation in the past, which could signify
that they will be able to adapt to changing climatic conditions
(Franks et al., 2014). It is also worth noting that factors other
than climate, including photoperiod, soil characteristics, and
interspecific interactions, could drive local adaptation and af-
fect population colonization of, and persistence in, novel envi-
ronments (Anderson, 2016).

Second, individuals with pre-adaptations to different environ-
mental conditions may be more likely to survive under climate
change. For example, it may be that pre-adapted individuals
from the warmer part of a species’ range will aid the adaptation
of a population to rising temperatures associated with climate
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change (Jump and Pefiuelas, 2005). A transplant experiment
could be used to identify these pre-adapted individuals, as their
fitness at sites to which they are pre-adapted will be higher than
the null expectation (i.e., reduced fitness at the transplant site in
comparison to the site of origin).

Third, populations that experience multiple environments
with differing biotic and abiotic conditions during their life cy-
cles may be more likely to be phenotypically plastic, as will
populations in which the progeny experience environments that
differ from those experienced by parents (Anderson and Gezon,
2015). A certain degree of plasticity may aid adaptation in an
organism exposed to novel conditions (Nicotra et al., 2010),
allowing the population to persist for long enough for adaptive
evolution to occur (Forrest and Miller-Rushing, 2010). Plas-
ticity may also allow populations to remain in their pre—climate
change ranges despite novel conditions, allowing the persis-
tence of plant—pollinator interactions, which may have oth-
erwise been disrupted. This could be particularly important
for populations with limited dispersal capacity (Anderson and
Gezon, 2015).

Examples—Go6mez et al. (2009) suggested that populations
of pollinator-generalist plants found in “evolutionary hotspots”
(where pollinator-mediated selection is strong) would have
phenotypes more attractive to pollinators than plant populations
in “evolutionary coldspots” (with weak pollinator-mediated
selective regimes). They performed reciprocal transplants on
Erysimum mediohispanicum Polatschek (Brassicaceae) plants
from hotspots and coldspots and compared the attractiveness of
the plants to pollinators. They found that hotspot plants were
more attractive than coldspot plants, suggesting local adapta-
tion for hotspot plants, but maladaptation in the coldspot plants.
The plants from the hotspots have an advantage over the cold-
spot plants; they are both locally adapted to the hotspots and
appear to have pre-adaptations for persistence in novel condi-
tions, providing the pollinators remain the same in the new
environment. This shows that local adaptation can occur in
systems involving generalist interactions, and even on a very
small spatial scale (with different sites only hundreds of me-
ters apart). In the context of climate change, this could mean
that maladapted populations from evolutionary coldspots would
be unlikely to persist if plants from hotspots migrated into their
environment, as the hotspot plants may outcompete them for
pollinators. Similarly, if coldspot plants track climate change
into areas with hotspot plants, they are less likely to persist than
the locally adapted hotspot plants.

Meindl et al. (2013) reciprocally transplanted Mimulus
guttatus DC. (Phrymaceae) seeds into serpentine and nonser-
pentine soils to determine the effects of soil type on floral mor-
phology and display size. The results of this common garden
experiment showed that plants were phenotypically plastic: re-
gardless of which soil type they originated in, plants of both
populations had smaller floral displays when grown in ser-
pentine soil. The authors also created arrays of inflorescences
grown in serpentine and nonserpentine soils. They found that
pollinators visited inflorescences at the nonserpentine sites
more frequently than those at serpentine sites, but that there was
no significant effect of source population soil type on pollinator
visitation. The pollinator assemblages differed at the serpentine
and nonserpentine sites, with a higher percentage of large bees
and beetles observed on the inflorescences at the nonserpen-
tine sites compared to the serpentine sites. If plant populations
move to track changing climactic conditions, they may colonize
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different soil types than those at their historical sites. If popula-
tions are adapted to a soil type, they may be unable to persist in
novel soil conditions; however, if they are phenotypically plastic,
they may be able to persist despite the differing environment.
Because pollinator assemblages may vary across a landscape, the
migration of a plant population to a new environment to track
climate change may alter plant—pollinator interactions and, simi-
larly, pollinators shifting across a landscape with varying soil
types or another mosaic of differing abiotic environments may
encounter different assemblages of plants and/or differing plant
phenotypes within the same species.

Forrest and Thomson (2011) carried out reciprocal trans-
plants of solitary bees and wasps over an elevational gradient,
exchanging trap nests at high and low elevations in late summer
to allow the insects to experience overwintering and springtime
conditions at the new sites. This experiment revealed that local
adaptation to site of origin did not affect emergence times.
Instead, local conditions at the emergence sites explained dif-
ferences in emergence times, with insects at the high-elevation
site emerging on average 18.2 days later than those at the low-
elevation site. The lack of local adaptation suggests the pollina-
tors are plastic in their emergence phenology, which might
enable them to maintain consistent overlap with floral resources
under climate change. The authors combined their transplant
results with observational data on flowering phenology at each
site and temperature data to develop models to predict the phe-
nologies of emergence and flowering based on degree-days.
Because some pollinators were found to need higher base tem-
peratures to trigger emergence, these results revealed the pos-
sibility of temporal mismatches between plants and pollinators
occurring in the future, with an increased possibility of plants
flowering before pollinators are available. Such a mismatch
could reduce pollinator visitation to early flowering species, but
is unlikely to result in complete loss of overlap between flowers
and trap-nesting pollinators.

Advantages—By placing individuals in novel climates, spatial
transplant experiments can test how plants and pollinators will
respond to changing abiotic conditions and how this in turn
might alter traits that influence interactions. Thus, with the ap-
propriate controls, transplants into areas that represent likely
future climate conditions can enable researchers to test for local
adaptation, pre-adaptation, and plasticity. Spatial transplants
can provide information that can also be used to test predictions
of species distribution models that are based on observational
correlational data (Alexander et al., 2016).

Another advantage of spatial transplants is that they allow
researchers to create novel communities of species that are
likely to co-occur under future climate conditions. Once in-
dividuals are transplanted, it is likely that the ranges of plants
and pollinators will intersect in novel ways, providing an
opportunity to study the ability of species to integrate into
changing interaction networks, with novel pollinators or plants.
Changes in interaction strength, partner identity, and effec-
tiveness can be studied. Although the occurrence of novel
interactions can be predicted based on an understanding of
traits that shape plant—pollinator interactions, such as flower
and tongue length matching (Nilsson, 1988), those predictions
require empirical testing, which can be achieved through trans-
plant experiments.

If siblings or individuals of otherwise known relatedness are
used, this approach allows the contributions of environment and
genotype to be separated, as related individuals will be exposed
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to differing conditions at the different sites (Anderson and Gezon,
2015). Along the same lines, individuals from different environ-
mental backgrounds can be reciprocally transplanted to deter-
mine how the evolutionary history of populations influences
performance (e.g., Gémez et al., 2009).

Limitations—Because spatial transplants often involve rela-
tively small population sizes and study areas, issues of scale can
arise. If small numbers of plants are transplanted, low density
can negatively influence pollinator visitation and seed set (e.g.,
Dauber et al., 2010). Such effects might be a deliberate aspect of
the study if the goal is to study colonization of new areas under
climate change—driven range shifts, as founding or leading-edge
populations might be small. Nevertheless, in studies designed to
test for local adaptation, consideration of how a small popula-
tion size might influence response variables that rely on mate
availability and interaction frequency is important. Similarly, it
is usually feasible to transplant only a small number of species,
rather than entire communities (but see Alexander et al., 2015).
This means that transplants can fail to accurately capture the
novel communities that are likely to result from range shifts un-
der climate change.

Spatial transplant experiments can require multiple years to
establish. This is particularly true if perennial plants with slow
life histories are used, multigeneration responses (e.g., recruit-
ment, population dynamics) are of interest, or interannual envi-
ronmental variation is significant. Maternal effects need to be
considered, either by explicit study or by reducing their influence
(e.g., Anderson and Gezon, 2015), but controlled crosses and the
creation of inbred lines may be impractical for some long-lived
perennials. Similarly, studies of the effects of range shifts on
interactions with pollinators may require long study periods, as
plants must reach maturity if they are transplanted as seeds or
seedlings. An alternative would be to create experimental arrays
of mature plants in pots or cut flower stems at each “transplant”
site (e.g., Meindl et al., 2013; Ogilvie and Thomson, 2016), al-
though measures of fitness or other traits could be influenced by
potting, and interaction frequencies could be affected by the pot-
ting and cutting treatments.

When manipulating the distribution of plants or pollinators,
the abiotic cues and environmental conditions that influence
phenology are likely to be altered. Depending on the goal, the
effects of spatial manipulation on phenology may not be a draw-
back but should be considered nonetheless (e.g., Wang et al.,
2014). For instance, it may not be possible to isolate the effects
of temperature on pollination success of plants transplanted
from low to high elevation if the plants also flower for a much
shorter time at high elevation, narrowing the window of time in
which they could be pollinated.

Another difficulty with spatial transplants is that they are of-
ten more feasible for plants than for pollinators, leading to taxo-
nomic bias (but see Forrest and Thomson, 2011). Even if mobile
organisms, such as pollinators, can be transplanted, their mobil-
ity means it is challenging to maintain control of their locations,
at least on smaller spatial scales. This limitation is irrelevant
for studies of emergence or hatching phenology (Forrest and
Thomson, 2011) but would be important for experiments that
seek to study foraging, interactions with plants, or colony or
nesting success. Large-scale transplants that exceed the flight
ranges of the focal pollinators could be used to limit movement
to within the transplant site, but the pollinators may not take to
the new site, and such transplants are difficult for logistical, le-
gal, and ethical reasons.
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TEMPORAL TRANSPLANTS

Overview—Temporal transplants (Forrest, 2015) involve ex-
perimental manipulation of plants or pollinators to change
their phenology. Most experiments are performed on plants
as they are relatively easy to manipulate, by removing snow
to simulate conditions associated with a changing climate
(e.g., Dunne et al., 2003; Gezon et al., 2016), growing plants
in open-top chambers that elevate temperature (e.g., Liancourt
et al., 2012), or by changing the conditions in a greenhouse
setting (e.g., Rafferty and Ives, 2011; Gezon et al., 2016). In the
latter case, once experimental shifting has been carried out,
the plants are placed into the field. Various aspects of plant
performance, as well as interactions with pollinators (and other
community members), can be measured and observed for ex-
perimental plants. For example, seed set of shifted plants can
be compared to that of controls to see if changes in phenology
confer a potential fitness advantage or are disadvantageous
(Rafferty and Ives, 2012). In this way, insight into the evolu-
tionary consequences of phenological shifts can be gained, as
response traits measured for experimental plants or pollinators
can indicate not only potential fitness consequences but also how
phenotypically plastic genotypes are. Like spatial transplants,
temporal transplants can therefore be used to test for local adap-
tation, phenotypic plasticity, and pre-adaptation to novel niche
space in the temporal axis.

Examples—Rafferty and Ives (2011) compared current and
historical dates of first bloom (DFB) for 14 plants of southern
Wisconsin. They found that six of these were “historically ad-
vanced”; their DFBs had advanced 6-13 days since the his-
torical observations were made. The others were “historically
unchanged”; their modern DFBs were not significantly differ-
ent from the historical data. The phenologies of these 14 spe-
cies were then experimentally manipulated in a greenhouse to
be advanced or delayed by increasing or decreasing (respec-
tively) the temperature and lighting. Nectar quantity and su-
crose content were measured in the plants before they were
placed out into the field in arrays of potted plants. Focal obser-
vations of pollinator visitation were made, and it was found that
changes in visitation differed among species. However, his-
torically advanced species had higher visitation when flow-
ering was advanced, perhaps suggesting pre-adaptation to
earlier flowering times, while historically unchanged species
had lower visitation when advanced, suggesting local adapta-
tion to historical flowering times. Overall, these results suggest
that plant—pollinator mismatches are not occurring in these spe-
cies, possibly due to species tracking each other or the involve-
ment of novel pollinators.

Snow removal was used by Gezon et al. (2016) to manipu-
late the flowering phenology of Claytonia lanceolata Pursh
(Montiaceae), a spring-flowering forb. The number of plants in
flower and the number of open flowers per plant were recorded
every other day to determine phenology, and floral morphology,
water potential, pollinator visitation, and seed and fruit set were
also recorded. It was found that frost damage was more frequent
in the plants with advanced phenology, and that this significantly
reduced reproduction of the plants even with supplemental pol-
len. Plants that escaped frost damage had higher reproduction
than control plants and also received more visits from pollinators.
To control for effects of snow removal on water availability,
a second experiment was carried out, with the flowering of plants
being shifted using a greenhouse to create early-flowering,
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control, and late-flowering plants. The plants were then moved
to an outdoor array and observed similarly to the plants in the
initial experiment. There was no difference between pollinator
visitation to the early and control plants, but visitation was
much reduced in the late-phenology plants. This may have been
due to a mismatch with the plants’ pollinators, suggesting local
adaptation. Together, these results show that both abiotic con-
ditions and phenological overlap with pollinators are important
for plant fitness.

Parsche et al. (2011) created control and advanced-flowering
wild mustard (Sinapis arvensis L.; Brassicaceae) individuals.
They planted the seeds for the advanced-flowering treatment
in early March and raised them under artificial long-day con-
ditions, while the control plants were sown in mid-April and
grown without supplemental heating or additional light. The
advanced-flowering plants were established in the field in late
April, and the control plants were established in late May,
shortly before flowering. Pollinator visitation was observed in
the plants over the flowering period. Visitation by wild bees
and hoverflies was lower in the advanced-flowering plants.
However, plants were successfully pollinated before the natu-
ral flowering time, mostly by generalist pollinators as few of
the original pollinators were present, perhaps indicating pre-
adaptation. There was increased reproductive output in earlier-
flowering plants, possibly due to avoidance of herbivores or
unfavorable weather conditions.

Advantages—A merit of some experimental manipulations
of phenology is that they can isolate the effects of phenology
from other cues or confounding variables in the environment
that would accompany spatial transplants. This can be achieved
by altering phenology in a greenhouse before placing plants
out in the field. Because plant or pollinator communities may
be adapted for persistence at certain times of the year, ap-
proaches that manipulate phenology independently of other
factors can provide information on how timing alone might
influence patterns of pollen movement among conspecifics and
heterospecifics, as well as competition and facilitation among
coflowering species for pollinator visitation. Studying polli-
nator visitation may reveal if plants flowering at their “local”
time are more likely to be visited than plants flowering ear-
lier or later than usual. Controlling for plant density, adapta-
tion and pre-adaptation to temporal niches can be tested for
in this way.

Experimental shifts can be used to create phenological “mu-
tants,” whose timing of developmental events occurs outside the
current range (e.g., Forrest, 2015; Gezon et al., 2016). These
“mutants” have great utility for studying how future changes in
phenology may affect plant—pollinator interactions, as plants
and pollinators will likely undergo greater phenological shifts as
climate change continues. Plants with experimentally advanced
flowering could be used to detect pollinator availability at novel
times, although as Forrest (2015) points out, it is possible to fail
to observe pollinators at experimental plants even though they
are active elsewhere in the environment. Nevertheless, by shift-
ing plants or pollinators forward in time, we can gain a more
predictive understanding of whether plants and pollinators will be
buffered by interaction network rewiring (Burkle and Alarcén,
2011).

The reasons for current shifts in phenology in response to
climate change can also be determined using temporal trans-
plants. Changing different abiotic conditions such as precipitation
and carbon dioxide levels may differentially affect phenology
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(e.g., Cleland et al., 2007), and this may indicate which factors
are the most important drivers of phenological shifts in response
to climate change. In addition, such experiments can test how
plastic plants or pollinators are in their phenological responses.
Mechanistic understanding can then inform the experimental
methods used to manipulate phenology of focal species.

Limitations—One drawback of temporal transplants is the
small size of experimental populations of plants and/or pollina-
tors and the small spatial scale of experimental arrays (Forrest,
2015). Patches of early flowers or pollinators could experience
mate limitation, as well as artificially low or high visitation or
resource availability, making inference about the true effects of
climate change tenuous (Forrest, 2015). For studies that aim to
measure the effects of shifts in flowering onset (vs. peak flower-
ing, for example), the small scale of temporal transplants might
be less of an issue. This is because, at least for plant populations
with normally distributed (or left-skewed) flowering curves,
relatively few individuals flower initially. Additionally, if den-
sity is controlled for among treatment groups, results from such
experiments could be interpreted in the context of the joint ef-
fects of phenological shifts and fragmentation of plant popula-
tions or declines in pollinator populations, both of which could
lead to small populations in microclimates that produce aberrant
phenologies.

As far as we are aware, no studies have been carried out
involving experimental phenological shifts in pollinators.
This means that studies are generally one-sided, with only
the plants being shifted. Studies into the effects of changing
pollinator phenology could be carried out by snow removal/
addition on overwintering nests (Forrest, 2015) or by alter-
ing nest box temperatures. It may be more feasible to manipu-
late the phenologies of entire colonies of pollinators, using
overwintering queen bumble bees in nest boxes, for example,
and test if metrics of colony success are explained by weather
variables, rather than to mark and/or track individual polli-
nators such that their emergence dates and fates could be
documented.

Ancillary traits, such as nectar levels, plant height, and
floral odor, may be affected by the treatments used to shift
the phenology of plants. For example, changes in light levels
affect nectar production (e.g., Boose, 1997), and increasing
temperature can increase plant height and aboveground produc-
tivity (Rustad et al., 2001). Changes in these and other traits
may affect pollinator visitation (e.g., Aspi et al., 2003) and may
not reflect the true effects of climate change on plant traits,
as the changes in these traits may be an artifact of the shifting
treatment.

DISCUSSION

To understand and anticipate how climate change will affect
plant—pollinator interactions, spatial and temporal transplants
are valuable and underused approaches. So far, few studies have
used transplants to examine how these interactions will be af-
fected, and fewer still have focused on the effects of climate
change (Table 1). Yet, experimental manipulations of phenology
and distribution can provide ecological and evolutionary insight
into the current and future effects of climate change on plant—
pollinator interactions by generating novel contexts in which the
responses of populations and individuals can be measured.
These manipulations can be used to test for local adaptation and
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plasticity to changing conditions, which will inform researchers
about persistence of populations and interactions under climate
change. Moving populations outside of their current ranges in
space and time provides a way to test how populations will fare
in novel niche space, allowing a more predictive understanding
of climate change effects. Models of range dynamics cannot an-
ticipate how novel interactions or interactions in novel climates
will shape species’ distributions; experiments are first required
to determine the outcomes of such interactions (Alexander et al.,
2016). The use of experiments such as spatial and temporal
transplants thus provides a valuable way to further our under-
standing of the potential consequences of climate change for
plant—pollinator interactions.

For both spatial and temporal transplants, the use of historical
data to inform experimental manipulations can be beneficial.
Historical data can provide a pre—climate change baseline of
phenology or range for comparison with observed and projected
shifts (e.g., Rafferty et al., 2013; Pyke et al., 2016). In combina-
tion with contemporary data, historical data can be used to
determine the rate of phenological or distributional response to
climate change (e.g., Fitter and Fitter, 2002; Parmesan and
Yohe, 2003; Bartomeus et al., 2011). This rate can be used to
project the amount of time or the number of generations required
for populations to shift into novel ranges or phenologies under
further climate change.

In choosing taxa to manipulate, knowledge about the mecha-
nisms underlying shifts in space or time is beneficial, both in
ensuring that study designs have relevance and realism and that
manipulations are feasible. Thus, understanding of phenological
cues and triggers for focal species is useful, as is a recognition
that historical correlations among cues could be altered by cli-
mate change (Memmott et al., 2007). Generation time of study
taxa is another important consideration, especially if evolution-
ary responses are of interest or controlled genetic crosses are
important. Likewise, choice of study area is a critical but often
constrained decision. Environmental gradients can vary from
coarse to fine in the same space depending on what abiotic vari-
ables and taxonomic perspectives are of interest. Temporal re-
sponses and trends can be confounded with spatial characteristics,
making it important to consider placement of spatial transplant
plots carefully (de Keyzer et al., 2017).

Combining the study of spatial and temporal shifts should be
especially useful, as many populations are responding across
both axes (Parmesan, 2006; Fig. 1D). Furthermore, the rates
and directions of response may differ on each axis. For plant—
pollinator interactions, the sessile nature of one partner and the
mobile nature of the other means that partners are likely to re-
spond at different rates in both space and time, so it is important
to study the effects of changes in both dimensions. In addition,
spatial transplants often affect phenology due to altered abiotic
conditions (e.g., Anderson and Gezon, 2015), and the timing of
life history events may shape the spatial niches and distributions
of species (Chuine and Beaubien, 2001). Thus, it is important to
explicitly consider shifts along one axis resulting from shifts
along the other.

Given that climate change often takes many years to have
detectable effects upon the phenologies and distributions of pop-
ulations, experimental transplants offer a relatively rapid and
controlled approach to further our understanding of how plant—
pollinator interactions will fare. However, experimental shifts
do not allow time for adaptive evolution, as shifted populations
do not have multiple generations to respond to gradually chang-
ing conditions. Experimental shifts in phenology or distribution
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TABLE 1.

Morton and Rafferty—Spatial and temporal transplants

List of studies (published in 2000-2016) that use spatial or temporal transplants of plants or pollinators and consider plant—pollinator interactions

and/or pollination success. Studies are grouped according to the type of transplant (spatial or temporal), along with synopses of study design, and

whether they focus on climate change.

Study Transplant type

Study design Focus on climate change?

Anderson et al. (2015) Spatial

Reciprocal transplants of two subspecies of Clarkia xantiana across their No

ranges and contact zone, studying pollinator-mediated selection for

different plant traits

Forrest and Thomson (2011) Spatial

Reciprocal transplants of solitary bees and wasps over an elevational Yes

gradient, comparing emergence times and modeling phenological overlap

with floral resources

Go6mez et al. (2009) Spatial

Reciprocal transplants of Erysimum mediohispanicum between sites with No

strong and weak pollinator-mediated selection, comparing pollinator
visitation for the local and foreign plants

Kalske et al. (2012) Spatial

Reciprocal transplants of Vincetoxicum hirundinaria, studying local No

adaptation to the environment, to herbivores and to pollinators, as well
as local adaptation of herbivores and pollinators to sympatric plant

populations

Meindl et al. (2013) Spatial

Reciprocal transplants of Mimulus guttatus inflorescences between sites No

with serpentine and nonserpentine soil to measure effects on pollinator

visitation

Gezon et al. (2016) Temporal

Snow removal and greenhouse conditions used to manipulate flowering Yes

phenology of Claytonia lanceolata, with field observations of pollinator

visitation

Hoover et al. (2012) Temporal

Controlled-environment chambers used to test the effects of three global Yes

change treatments (elevated CO,, elevated N, and increased temperature)
on plant phenology and bumble bee preferences

Parsche et al. (2011) Temporal

Phenological manipulations of Sinapis arvensis carried out using early Yes

planting and artificial long-day conditions, followed by field observations

of pollinator visitation
Rafferty and Ives (2011) Temporal
pollinator visitation

Rafferty and Ives (2012) Temporal

Greenhouse manipulations of 14 plant species, prior to field observations of Yes

Greenhouse manipulations of Tradescantia ohiensis and Asclepias incarnata, Yes

measuring pollinator effectiveness

may therefore predict more severe effects upon plants, pollina-
tors, and their interactions than would occur under a real cli-
matic change. Nevertheless, these manipulations can reveal
how selection pressures could change under future climate
conditions.

As noted, we are not aware of any studies that experimentally
manipulate the phenologies of pollinators, but such work would
provide important insight. Could earlier emergence times in-
crease the risk of exposure to extreme cold and its associated
impacts to survival and reproduction, in much the way that shift-
ing plants earlier can increase their risk of frost damage? The
responses of pollinators to climate warming may be more com-
plex than a simple phenological advance, however. For example,
diapause termination may be delayed by warmer winter tem-
peratures, which may mitigate the effects of spring and summer
warming on emergence time (Forrest, 2016).

Despite drawbacks, experimental transplants provide a way
to empirically test how plant—pollinator interactions will be re-
shaped in novel environments and communities. General char-
acteristics anticipated to influence how likely mutualisms are to
develop mismatches, such as the specialization, obligacy, and
seasonality of the interaction (Rafferty et al., 2015), could be
tested by transplanting plants or pollinators that span the spectrum
of these traits. Indeed, if several species in a community are
studied, responses of transplanted plants and pollinators could
be linked to functional traits, yielding more mechanistic infor-
mation that can be used to predict the responses of additional
species. The use of experimental transplants that explicitly con-
sider shifts in both time and space should generate unique insight
into the likelihood that plant and pollinator populations will
adapt to a changing climate.
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