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Abstract
Climate change has led to phenological shifts in flowering plants and insect pollinators, causing concern that these shifts will disrupt
plant–pollinator mutualisms. We experimentally investigated how shifts in flowering onset affect pollinator visitation for 14 native
perennial plant species, six of which have exhibited shifts to earlier flowering over the last 70 years and eight of which have not.
We manipulated flowering onset in greenhouses and then observed pollinator visitation in the field. Five of six species with historically
advanced flowering received more visits when flowering was experimentally advanced, whereas seven of eight species with historically
unchanged flowering received fewer visits when flowering earlier. This pattern suggests that species unconstrained by pollinators have
advanced their flowering, whereas species constrained by pollinators have not. In contrast to current concern about phenological
mismatches disrupting plant–pollinator mutualisms, mismatches at the onset of flowering are not occurring for most of our study species.
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INTRODUCTION

Temperature plays a role in determining the timing of important events in the life cycles
of plants and animals, and the increasing temperatures associated with climate change
have caused rapid and dramatic shifts in the phenologies of numerous and diverse
organisms (Roy & Sparks 2000; Fitter & Fitter 2002; Peñuelas et al. 2002; Parmesan &
Yohe 2003; Root et al. 2003; Visser & Both 2005; Menzel et al. 2006). Of particular
interest are the effects of phenological shifts on mutualistic interactions, which often
require a high degree of temporal synchrony between species. Among the most
common and well-studied mutualisms are those between flowering plants and
pollinators (Bronstein 1994). As flowering period and pollinator availability must
coincide, changes in phenology may have a significant influence on these mutualisms
(Hegland et al. 2009) and the valuable ecosystem services they provide (Costanza et al.
1997; Kearns et al. 1998). Yet, we have a very incomplete understanding of how
interactions between plants and pollinators will be affected by the phenological shifts
that accompany climate change (Hegland et al. 2009).
Phenological data indicate that many plant species are responding to climate change
by flowering earlier (Abu-Asab et al. 2001; Fitter & Fitter 2002; Primack et al. 2004;
Miller-Rushing et al. 2007). However, there is much variation among plant species in
whether and to what extent their phenologies have shifted. For example, the date of
first flowering has advanced as much as 46 days over a 30-year period in some species
(Abu-Asab et al. 2001), whereas others have exhibited unaltered (Bradley et al. 1999) or
even delayed flowering (Fitter & Fitter 2002). In general, species flowering early in the
season have displayed the greatest advances in the onset of flowering (Fitter & Fitter
2002). Fewer data are available on pollinator responses, but the appearance dates and
flight seasons of some butterflies have advanced (Roy & Sparks 2000; Peñuelas et al.
2002; Stefanescu et al. 2003). Overall, the directions and magnitudes of phenological
responses to climate change are highly variable, making it difficult to forecast the
impacts of altered phenologies on plant–pollinator communities.
It is similarly challenging to predict the impact of phenological shifts from the
structure of plant–pollinator networks. Broad network studies have revealed that
interactions between plants and pollinators tend to be asymmetrical. This tendency for
specialists to interact with generalists (Bascompte et al. 2003; Vázquez & Aizen 2004)
and the fact that most plant–pollinator interactions are diffuse (Ollerton 1996; Waser
et al. 1996) may make it less likely for all interacting species to maintain phenological
synchrony in a changing climate. However, this structure may also make synchrony less
critical, as species might be buffered from the loss of some interactions, provided
others remain intact (Memmott et al. 2004). Likewise, many community studies show
that plant–pollinator interactions are naturally variable in time and space (e.g. Price et al.
2005; Olesen et al. 2008; Petanidou et al. 2008), suggesting that strict phenological
synchrony may be unimportant.
To date, only a few studies have investigated the consequences of phenological
mismatches between plants and pollinators. Opposing phenological responses of Prunus
tree species and the butterfly Pieris rapae to climate changes in Japan provide evidence
that plants and pollinators may not respond to the same cues at the same times (Doi
et al. 2008). The trees responded to temperatures about a month prior to flowering,
which have greatly increased, whereas the butterfly responded most to temperatures
2 weeks prior to its appearance date, which have not changed (Doi et al. 2008).
Furthermore, plants and pollinators may respond differently to short-term temperature
fluctuations. The composition of pollinators visiting an endangered plant, Clematis

socialis, in the USA differed between years, depending on the mean monthly
temperature and whether the plant flowered early or late (Wall et al. 2003). In Japan,
an extremely warm spring caused spring ephemerals to flower 7–17 days earlier, leading
to greatly reduced seed set for plants pollinated by bees, whereas fly pollinated species
did not suffer (Kudo et al. 2004). Phenological mismatches such as these may lead to
pollination depression and ⁄ or pollinator food limitation early in the flowering period.
Indeed, simulations suggest that under predicted levels of warming, phenological shifts
could cause 17–50% of insect pollinators to experience periods when no nectar or
pollen is available (Memmott et al. 2007).
Of the handful of studies that have addressed the potential consequences of climate
change-induced shifts in flowering phenology for plant–pollinator mutualisms, none
has done so experimentally (Hegland et al. 2009). Experimental manipulation of
flowering phenology provides a way to measure how shifts in date of first bloom (DFB)
affect pollination without relying on occasional and extreme natural weather
fluctuations. Here, we report on an experimental study aimed at determining how
changes in first bloom date affect plant–pollinator interactions for 14 plant species
native to Wisconsin, USA. We used records collected over the last 70 years (Bradley
et al. 1999; N. Bradley, C. Bradley and A. Leopold, unpublished data) to select six
species that are flowering significantly earlier in Wisconsin (Ôhistorically advancedÕ
species) and eight species that have not shifted flowering phenology (Ôhistorically
unchangedÕ species). We manipulated the flowering time of each species in greenhouses
and placed subsets in the field before, on and after the current DFB.
We sought to determine how shifts in flowering phenology associated with climate
change affect visitation rates by potential pollinators, contrasting historically advanced
and unchanged plant species. The specific null hypothesis we tested is whether the
identity of plant species that have experienced advanced flowering is independent of
the current phenology of pollinators that they attract; this is the assumption that
Memmott et al. (2007) used to forecast potential breakdown of plant–pollinator
mutualisms. In investigating mismatches, we were not asking about differences in
timing between peak flowering and pollinator peak activity. Instead, our experiments
focused on the leading edge of flowering phenologies, asking whether by flowering
relatively earlier, plants at first bloom are likely to flower without pollinators, or with
such reduced pollinator activity that pollination may be limiting. If species receive fewer
visits when flowering is experimentally made to be relatively earlier, then this would
suggest that mismatches are developing. By comparing historically advanced to
historically unchanged species, we can ask whether one group has the greater potential
to experience mismatches based on pollinator phenology. Whether this potential is
realized, however, depends on whether species are in fact experiencing advanced
flowering times. Even if historically unchanged species have the greatest potential to
experience mismatches due to pollinator phenology, this potential will not be realized as
long as the flowering phenology remains unchanged.

METHODS

Selection of experimental taxa

We selected study species by examining a dataset that documents the dates of first
bloom for plants in southern Wisconsin for two time spans: 1935–1945 and 1977–2007
(Bradley et al. 1999; N. Bradley, C. Bradley and A. Leopold, unpublished data).
To determine which species have significantly advanced, we compared the historical
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and more recent first bloom dates, restricting our analyses to species for which there
were at least 4 years of data in each time span. We used t-tests to test for significant
differences in the DFB between the two time spans for 14 perennial species with
flowering seasons that extend over most of the spring and ⁄ or summer (Table 1).
We found that six of these species are flowering significantly earlier, with advances of
6–13 days, and eight have not changed. The six historically advanced species tend to
flower earlier in the season than the historically unchanged species. For the former, the
mean DFB was calculated with data from 1977 to 2007 to yield a more accurate date
that does not lag behind the current onset of flowering; for the latter, the mean DFB
was calculated with all available data. We note, however, that using data from only 1977
to 2007 for the historically unchanged species yields a mean DFB that is within 1 day of
the date yielded by the pooled data for all species except one (Monarda punctata), for
which it was within 4 days and thus fell within the same week.

Study site

All field observations were conducted in the University of Wisconsin Arboretum,
Madison, WI, USA. The 510 ha of the Arboretum encompass both prairie and
woodland habitat. A 40-m2 study area (43.04 N, 89.43 W) was established in the
central portion of Curtis Prairie, a 24-ha, 75-year-old restored tallgrass prairie.
Flowering phenologies of forbs occurring naturally in the study area were documented.
All of the study plants occurred either in the study area or within 75–450 m, except
Astragalus canadensis, which was not observed in 2009 but was documented within 600 m
in 2005.
Plant arrays

Each week, sets of 2–5 potted plants of a species were placed at least 5 m apart in the
study area in a haphazard fashion. Plants remained in the study area for 3 days. When
experimental plant numbers were limited, plants were used in more than one array, and
this was incorporated into the statistical analysis as repeated measures.

Flowering phenology manipulations

The overall study design involved raising plants to flower at different times in
greenhouses, placing subsets of each plant species in the field and observing pollinator
visits. Most of the plant species were placed in the field for at least 5 weeks, with the
third week coinciding with the current mean DFB, the first and second weeks
representing advanced onset of flowering, and the fourth and fifth weeks representing
delayed (historical) onset of flowering (Fig. 1). As we centre the experimental flowering
times around the current mean DFB, interpreting these timings differs for historically
advanced vs. historically unchanged species.
Seedlings of south-eastern Wisconsin genotypes were obtained from nurseries and
raised in greenhouses at the University of Wisconsin-Madison. Plants were raised in
#300 (2.8 L) or #600 (6.1 L) pots in Sun Gro Metro-Mix 300 growing medium
(Vancouver, British Columbia, Canada) and fertilized with Osmocote Outdoor and
Indoor Smart-Release Plant Food approximately every 3 months. Plants were sprayed
with pesticides only after they had been exposed to pollinators in the field, except
that ultra pure oil was sprayed on occasion to control thrips, in which case we
waited at least 1 week before exposing oil-sprayed plants to pollinators. Flowering
was advanced by placing plants in a warmer greenhouse (24–27 C) with
supplemental lighting and delayed by placing plants in a cooler greenhouse
(18–21 C) without supplemental lighting. Supplemental lights were programmed to
turn on automatically when ambient light levels were low (< 500 lmol m)2 s)1)
during the day and did not extend photoperiod. All plants were 1–2 years old when
they began flowering in 2009. We recorded DFB, number of flowers produced and
height for each plant.
To determine whether the timing of flowering onset altered the physiology of the
plants in a way that would make them more or less attractive to pollinators, nectar
quantity and sucrose content were measured for a subset of flowers from each plant
of each nectar-producing species, except Dalea candida, Dalea purpurea, Geranium
maculatum and Phlox divaricata. Neither Anemone canadensis nor Tradescantia ohiensis
produce nectar (Douglas & Cruden 1994; Grundel et al. 2000). Nectar was sampled
the day before plants were placed in the field at approximately the same time each
week. Nectar was extracted with fresh microcapillary pipettes (Drummond Microcaps,
Broomall, PA, USA), and the length of the nectar column was measured to give nectar
volume. The nectar was then discharged onto a refractometer (Bellingham and Stanley
Eclipse 45–81 or 45–82; Tunbridge Wells, Kent, UK) to measure sucrose content
(Corbet 2003).

Field observations

Field observations were conducted for 51 days over the course of 17 weeks, from
15 April until 6 August 2009. Focal plants were observed for 10 min at a time, in
haphazard order and typically at least twice per day, once in the morning and again in
the afternoon between 0830 and 1700 h. Focal plant observations were conducted
regardless of weather, although we discontinued observations during heavy rainfall after
documenting that pollinators do not visit in such conditions. Daily weather variables
(maximum temperature, minimum temperature, precipitation and wind speed) were
obtained from a nearby weather station. The number of flowers or inflorescences on
each study plant was also recorded each day.
For every focal observation, we recorded the start time, focal plant identity, identity
of each visitor and total number of unique flowers visited by each visitor. A visitor was
defined as an insect that contacted the anthers, stigma and ⁄ or nectar of a flower.
Potential pollinators that were not readily identified were assigned a morphospecies
code and, when possible, captured for subsequent identification.
Statistical analyses

To incorporate both fixed and random effects in the visitation data, we used general
linear mixed models (GLMM; Gelman & Hill 2007). We constructed three models
with different response variables, each summed over 10 min observations of focal
plants: (1) the number of pollinators that visited, (2) the number of visits received
(multiple visits from the same pollinator were scored when the pollinator ceased
contact with the plant between visits) and (3) the number of flowers visited. As these
response variables are correlated, we do not consider the results as independent
evidence. For each model, the fixed effects were plant species (factor with 14 levels),
time-of-day (continuous), time-of-day2 (to account for possible nonlinear effects of
time-of-day), maximum daily temperature (continuous) and precipitation (continuous).
To determine the plant species-specific effect of week, we included the interaction of
plant species and week-of-sample (continuous). The random effects for each model
were individual plant (factor with 270 levels) and day-of-sample (factor with 51
levels). We used this statistical design because there was considerable day-to-day

Table 1 The 14 plant species used in the study, showing mean current date of first bloom (DFB) based on data from 1977 to 2007 for the six species with historically advanced flowering
phenologies and on data from 1935 to 2007 for the eight species with historically unchanged flowering phenologies (N. Bradley, C. Bradley and A. Leopold, unpublished data)

Species

Family

DFB

Colour

Flowering season

Phlox divaricata L.*
Aquilegia canadensis L.*
Anemone canadensis L.*
Tradescantia ohiensis Raf.*
Asclepias tuberosa L.*
Asclepias incarnata L.*
Geranium maculatum L.
Astragalus canadensis L.
Verbena stricta Vent.
Monarda fistulosa L.
Veronicastrum virginicum (L.) Farw.
Dalea candida Michx. ex Willd.
Dalea purpurea Vent.
Monarda punctata L.

Polemoniaceae
Ranunculaceae
Ranunculaceae
Commelinaceae
Apocynaceae
Apocynaceae
Geraniaceae
Fabaceae
Verbenaceae
Lamiaceae
Scrophulariaceae
Fabaceae
Fabaceae
Lamiaceae

April 30 (May 11)
May 11 (May 20)
May 27 (June 4)
May 28 (June 3)
June 23 (July 6)
June 29 (July 8)
May 12 (May 15)
June 1 (June 2)
July 1 (July 5)
July 4 (July 9)
July 7 (July 5)
July 7 (July 12)
July 11 (July 12)
July 21 (July 25)

Blue
Red, yellow
White
Blue
Orange
Pink
Purple
Pale yellow
Purple
Purple
White
White
Purple
Yellow, pink

Late April–June
May–July
Late May–July
Late May–early August
Mid June–August
Late June–mid August
May–mid June
June–August
July–early October
July–early September
July–August
July–September
July–September
Mid July–mid September

*Indicates historically advanced plant species.
The mean historical DFB (1935–1945) is given in parentheses. Colour indicates the colour of flowers or other showy floral parts, such as bracts.

 2010 Blackwell Publishing Ltd/CNRS

Letter

Experimental shifts in flowering phenology 71

as the P-value for changes in the composition in the pollinator community. To account
for multiple comparisons among the 14 species, we applied a Holm correction. In this
analysis, we treated week-of-sample as a continuous fixed effect to parallel the main
analysis of the changes in pollinators, visits, and numbers of flowers visited described
in the preceding paragraph.
Nectar volume and sucrose content for each species were analysed separately with
linear mixed models (LMM). Week-of-sample (continuous), number of flowers or
inflorescences (continuous) and time-of-day (continuous) were included as fixed
effects, and individual plant (factor) and flower replicate (factor) were included as
random effects. The analyses were designed to assess whether nectar volume of sucrose
content increased or decreased over the experimental period the plants were in the
field.
All analyses were performed in R 2.10.1 (R Development Core Team 2009), using
the lmer function in the lme4 package (Bates & Maechler 2009) for GLMM and LMM
analyses.

Figure 1 Schematic showing when arrays of each species were in the field for the 17 weeks of

the study, from 15 April to 6 August (grey squares). The current mean week of first bloom is
indicated by light grey squares if the species was not in the field at that time and by dark grey
squares if the species was in the field at that time. Note that all arrays of Phlox divaricata,
Geranium maculatum and Anemone canadensis were placed in the field before the current mean
week of first bloom. *Indicates historically advanced species.

variation in the total number of pollinators we observed across all plant species, due
both to the fixed weather effects we included in the model and to effects that were
not completely explained by these variables. Analysing all plant species simultaneously
and including a day-of-sample random effect factors out the day-to-day variation
observed across plant species. The analyses assume that the changes in the response
variables are monotonic through time because we are interested in whether
pollination is higher or lower for plants blooming earlier. More detailed analyses
that address non-monotonic changes in response variables are presented in Figure S1
and Table S1 (Supporting Information). A quasi-Poisson distribution was assumed
for all analyses, as the data showed a skewed distribution with many zero values; in
the quasi-Poisson distribution in the GLMM, the variance is proportional to but not
necessarily equal to the mean.
After identifying which species attracted more or fewer pollinators through time, we
categorized each plant species according to whether it was historically advanced or
unchanged. To assess whether historically advanced vs. unchanged species showed
increases vs. decreases in the number of pollinator visits, we performed a chi-square
analysis with a Yates correction for small sample sizes; the Yates correction is more
conservative (for our dataset) than other tests (e.g. a Fisher exact test), leading to higher
computed P-values. We also performed a parallel analysis that accounts for the
phylogenetic relationships among the 14 plant species. Specifically, we used the
phylogenetic tree for the plant species with the software package RegressionV2.m that
fits the data while simultaneously estimating the strength of phylogenetic signal in the
residual variation measured by the parameter d (Lavin et al. 2008); a value of d = 0
indicates the absence of phylogenetic signal. For each of the three metrics of
pollination, we fit the slope of the species-specific change in pollination as a function of
whether or not the species was historically advanced.
The analyses above focus on the plant–pollinator interaction from the perspective
of the plant rather than pollinators. We do, however, make use of data on the
composition of the pollinator community (see Table S2) in interpreting plant visitation
patterns. In our analyses, we use the number of pollinator visitors, the number of
observed visits and the number of flowers visited as surrogates for the pollination
success for plants in the field at different times (weeks). If the composition of the
pollinator community changed through time, and if different types of pollinators had
different efficiencies as pollinators, then the three variables we used to assess
pollination might not be proportional to pollination success. Therefore, to determine
whether the composition of pollinators visiting different plant species changed from
week to week over the course of the experiment, we used a general linear model with a
quasi-Poisson distribution (McCullagh & Nelder 1989) in which pollinators were
divided into five taxonomic categories that reflect different pollinator characteristics:
(1) small ⁄ medium Hymenoptera (21 morphospecies), (2) large Hymenoptera
(9 morphospecies), (3) Coleoptera (13 morphospecies), (4) Lepidoptera (7 morphospecies) and (5) Diptera (11 morphospecies). For each plant species separately, we
regressed the number of pollinators visiting per observation period against the
pollinator taxonomic category (factor with five levels), week-of-sample (continuous),
and the interaction of pollinator taxonomic category and week-of-sample. We used the
contrast comparison between interactions for different taxonomic groups (e.g.
between the small ⁄ medium Hymenoptera · week-of-sample interaction and the large
Hymenoptera · week-of-sample interaction) to test whether the composition of the
pollinator community on a given plant species changed over the course of
the experiment; we used the lowest P-value from the pairwise contrast comparisons

RESULTS

In total, 2472 10 min focal observations were completed for the 14 plant species, for a
total of 412 h and a mean of 8.2 h per day of field observation. Each plant species was
observed for 2.2 h per day on average (range 0.5–7 h). A total of 10 512 visits were
observed, during which 35 763 flowers were visited by 61 morphospecies of potential
pollinators. On average, the flowering of all plant arrays was advanced in the
greenhouse relative to the current mean DFB of wild populations. Plants placed in
the field 2 weeks before, 1 week before, on, 1 week after and two or more weeks after
the current mean DFB began flowering 21, 18, 16, 11 and 6 days prior to the current
mean DFB of their species, respectively. For several species, the planned design of the
experiment was not realized due to failure of plants to flower; these cases tended to
occur for species that flower earlier, although they were not confined to either
historically advanced or unchanged species. Also, when plants were available, we
extended the experiment past the fifth week in a few cases (Fig. 1). We note that the
documented range in DFB spanned the weeks that the experimental plants were in the
field, with the exception of the third, fourth and fifth delayed sets for As. canadensis
(weeks 11–13), the third delayed set for Verbena stricta (week 15), and the fourth delayed
set for D. candida (week 17).
For all three measures of pollination, (1) the number of pollinators that visited a
focal plant, (2) the total number of visits and (3) the total number of flowers visited on
a focal plant, there were strong differences among plant species in the change in
pollination through time. A significant increase or decrease with time (week) was
detected in the number of pollinators that visited a focal plant during a 10-min
observation for 12 plant species, all except P. divaricata and As. canadensis (see Table S3).
For some species, the number of pollinators was greatest when flowering was
advanced, whereas for others, more pollinators visited when flowering was delayed
(Fig. 2). Significant increases or decreases in the total number of visits and in the
number of flowers visited were detected for 11 and 6 of the 14 plant species,
respectively (see Table S3).
Categorized into groups, the historically advanced plant species were significantly
more likely to show a decrease through time in the number of pollinators that visited
than historically unchanged plants (Table 2; Yates v2 = 4.43, d.f. = 1, P = 0.035).
Furthermore, phylogenetic regressions of the changes in pollination through time
against whether or not the species were historically advanced supported this result for
all three measures of pollination: (1) the number of pollinators [t12 = 2.47, P < 0.03,
d = 0 (indicating no phylogenetic signal in the residuals)], (2) the total number of visits
(t12 = 2.21, P < 0.05, d = 0) and (3) the total number of flowers visited (t12 = 2.38,
P < 0.04, d = 0). These results show that for historically advanced species, the
experimental forcing of flowering even earlier increased the number of and visits by
pollinators. Further analyses considering non-monotonic changes in pollinator visits
through time gave a similar, although statistically stronger, conclusion (see Table S1;
Figure S1).
As these analyses were performed on the aggregate pollinator community, we
investigated whether the pollinator community on any of the plant species changed
over the duration of the experiment. Statistically significant pairwise contrasts for the
pollinator-category · week-of-sample interactions were found for only V. stricta
(t20 = 5.65, Holm-corrected P = 0.0002) and Veronicastrum virginicum (t16 = 3.43,
Holm-corrected P = 0.045). For both species, small ⁄ medium Hymenoptera decreased
in frequency over time, whereas large Hymenoptera increased, likely due to colony
growth and increasing numbers of Bombus workers (see Figure S2). For these two
species, the change in the composition of the pollinator community may change the per
capita effectiveness of pollination, possibly making our metrics suspect measures of
pollination services received by the plant species. Therefore, we excluded these two
species from our chi-square analysis contrasting the responses of historically advanced
and unchanged species. For the remaining 12 plant species, five of the six historically
advanced species were visited by more pollinators when flowering was experimentally
advanced, whereas all six of the historically unchanged species were visited by more
pollinators when flowering was experimentally delayed (Yates v2 = 5.49, d.f. = 1,
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(b)
Phlox divaricata

Aquilegia canadensis–

Anemone canadensis–

Tradescantia ohiensis–

Asclepias tuberosa–

Asclepias incarnata+

Week

Geranium maculatum+

Astragalus canadensis

Verbena stricta+

Dalea purpurea+

Monarda fistulosa+

Veronicastrum virginicum–

Number of pollinators per 10 min

Number of pollinators per 10 min

(a)

Dalea candida+

Monarda punctata+

Week
Figure 2 The number of pollinators per 10 min over the weeks that arrays of each plant species were in the field for (a) historically advanced species and (b) historically unchanged species. + and )
indicate that the species-specific effect of week is significant in a positive or negative direction for that plant (P < 0.05). The circle indicates the current mean week of first bloom; the arrow
indicates the week of first bloom in 2009 for all species for which it was documented; and the square marks the historical mean week of first bloom for the historically advanced species.

Table 2 For plant species with historically advanced vs. unchanged onset of flowering,

whether the number of visiting pollinators increased or decreased through time while plants
were exposed in the field
Phenology

Increase

Decrease

Total

Advanced
Unchanged

1 (1)
7 (6)

5 (5)
1 (0)

6 (6)
8 (6)

Numbers in parentheses give the results when two species (Verbena stricta and Veronicastrum
virginicum) that experienced changes in their pollinator community composition over the
course of the experiment are removed.

P = 0.019; Table 2). Removing these two plant species therefore strengthened our
statistical results. Similarly, the phylogenetic regressions remained statistically significant, with no phylogenetic signal detected: (1) the number of pollinators (t10 = 2.44,
P < 0.04, d = 0), (2) the total number of visits (t10 = 2.24, P < 0.05, d = 0) and (3) the
total number of flowers visited (t10 = 2.34, P < 0.05, d = 0).
Nectar volume (see Table S4) and sucrose concentration (see Table S5) changed
significantly for some species throughout the experiment. However, when considering
all species together, there was no consistent relationship between either variable and the
number of pollinators attracted. Therefore, effects of our experimental manipulation of
flowering phenology on nectar volume and sucrose concentration cannot explain the
temporal changes in pollinator visitation that we observed.
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DISCUSSION

Our results reveal not only that shifts in flowering phenology can significantly affect
pollinator visitation rates but also that the pattern of response varies among plant
species. These differences are apparent even though species often were in the field at
the same time, suggesting that the behaviour of pollinators, rather than weather
conditions, was responsible. Despite the species-specific nature of the responses, the
two groups of plant species, those with historically advanced vs. unchanged
phenologies, showed strongly contrasting patterns. In most cases, species with
historically advanced dates of flowering onset were visited by a greater number of
pollinators when flowering was advanced, whereas species with historically unchanged
dates of first bloom were visited by fewer pollinators when they were experimentally
advanced. This pattern is apparent even though the 14 plant species we used display
many different floral forms, ranging from highly specialized to generalized pollination
mechanisms, and encompass various breeding systems, from xenogamy to delayed
autonomous self-pollination. Although our phenological manipulations were not
identical for each species, with some missing either the advanced or delayed treatments,
the overall pattern indicates that in a broad sense, temporal mismatches between
flowering onset and pollinator visitation are not occurring for most of our study plant
species.
Due to the number of plants (14 species) and the number of pollinators
(61 morphospecies), we did not measure pollinator effectiveness (e.g. Fishbein &
Venable 1996; Ivey et al. 2003; Sahli & Conner 2007). Nonetheless, the effectiveness of
a given pollinator can generally be inferred from visitation frequency, which is often
strongly positively correlated with total pollination service (Vázquez et al. 2005; Sahli &
Conner 2006, 2007). Furthermore, our analyses of the composition of the pollinator

Letter

community showed only two plant species for which the pollinator composition
changed through time during the period plants were exposed in the field. Therefore,
even though different groups of insect species might be differentially effective
pollinators on different plant species, the constancy of the community through time for
a given plant species implies that the response variables we measured (total number of
pollinators, number of visits and number of flowers visited) remain proportional to the
total pollination services received by the plant. After removing the two plant species
whose pollinator communities changed, the pattern that the plant species with
historically advanced flowering received higher visitation rates early in the season
remained statistically significant.
Our finding that earlier flowering led to greater pollination for plants with
historically advanced flowering suggests the hypothesis that historically advanced
species may be unconstrained by pollinator availability; they do not suffer reduced
visitation rates when warmer temperature cues initiate earlier flowering. It may be that
pre-existing plant–pollinator relationships are maintained by the advance in flowering
time, or new pollinators may provide a buffer. In contrast, it appears beneficial in terms
of visitation frequency for the historically unchanged species to maintain their flowering
phenologies to ensure temporal overlap with their pollinators. Although it is possible
that rapid evolution over the last 70 years has led to differential responses of plant
species to climate change depending on whether or not pollinators constrain earlier
flowering, it is also possible that the patterns we observed reflect much longer term
evolutionary forces. Those plant species that have earlier pollinators may have the
phenotypic plasticity to shift to earlier flowering times, as suggested by spring-flowering
species tending to show the strongest responses to temperature (Fitter & Fitter 2002),
whereas those plant species relying on pollinators that are active later in the season may
have no such plasticity.
Even though the historically advanced plants we studied are changing phenology in
the right direction, it is possible that they are not shifting quickly enough to maintain
overlap with their pollinators in the future. Our study was designed only to test the
potential for current plant–pollinator phenological mismatches early in the flowering
season, rather than investigate the underlying evolutionary explanations for whether
mismatches are or are not occurring. Therefore, we can only speculate as to the
underlying causes of the pattern we have documented. It is also important to note that
many factors other than pollinator visitation influence first and optimal flowering time
(reviewed by Elzinga et al. 2007). We do not equate peak visitation with any optima and
recognize that more subtle mismatches may be occurring.
To predict fully the consequences of shifts in flowering phenology on plant–
pollinator interactions, several additional pieces of information are needed. It would be
useful to know whether advanced or delayed initiation of flowering imposes
physiological constraints on fruit and seed set, or if other correlated traits might be
affected. For instance, changes in flowering time can affect floral display size,
reproductive rates and the growth form of the subsequent generation (Burgess et al.
2007; Galloway & Burgess 2009). Documenting the fitness consequences of advanced
flowering over the entire flowering period is also important, as successful pollination of
later flowers might make up for a lack of pollination early in the flowering period.
Although flowers produced later often have lower fecundity (e.g. Stephenson 1981;
Thomson 1989; Kliber & Eckert 2004), recent evidence suggests that some plants may
be buffered from reproductive failure when flowering earlier in warmer years by
plasticity in flowering duration and allocation of resources to successfully pollinated
flowers, whether produced relatively early or late (Forrest & Thomson 2010).
Furthermore, it may be important to expand our focus from one life history event, such
as the initiation of flowering, to the entire life cycle of a species to integrate the effects
of altered interactions at different ontogenetic stages (Yang & Rudolf 2010). Thus,
documenting the fitness consequences of phenological shifts for plant species,
particularly those of conservation concern, is an important future endeavour.
Despite the need for a holistic assessment of the effects of climate change, our
experimental results give no indication of a growing mismatch between plant and
pollinator phenologies. This is because plant species showing advanced phenologies are
also those that are pollinated by insects active early in the season; a mismatch between
plant and pollinator phenologies does not occur because there is a match between the
response of plants to climate change and the temporal availability of their pollinators.
We manipulated only the plant side of the mutualism, not the pollinator phenologies.
Therefore, there remains the untested possibility that insect pollinators show
differential responses to climate change, with those pollinators most likely to have
advanced activity periods also matched with plant species that show advanced
flowering. This type of matched phenological response of plants and pollinators may
reduce the danger of climate change disrupting plant–pollinator mutualisms.
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