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Summary
1. Variation among species in their phenological responses to temperature change suggests
that shifts in the relative timing of key life cycle events between interacting species are likely
to occur under climate warming. However, it remains difficult to predict the prevalence and
magnitude of these shifts given that there have been few comparisons of phenological sensitivities to temperature across interacting species.
2. Here, we used a broad-scale approach utilizing collection records to compare the temperature sensitivity of the timing of adult flight in butterflies vs. flowering of their potential nectar
food plants (days per °C) across space and time in British Columbia, Canada.
3. On average, the phenology of both butterflies and plants advanced in response to warmer
temperatures. However, the two taxa were differentially sensitive to temperature across space
vs. across time, indicating the additional importance of nontemperature cues and/or local
adaptation for many species.
4. Across butterfly–plant associations, flowering time was significantly more sensitive to temperature than the timing of butterfly flight and these sensitivities were not correlated.
5. Our results indicate that warming-driven shifts in the relative timing of life cycle events
between butterflies and plants are likely to be prevalent, but that predicting the magnitude
and direction of such changes in particular cases is going to require detailed, fine-scale data.
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Introduction
Phenological responses to recent climate change have been
reported for many different taxonomic groups (e.g. Bradley et al. 1999; Roy & Sparks 2000; Parmesan 2007).
While the most common phenological response has been
advancement in seasonal timing, substantial variation has
been observed within and across taxonomic groups, and
even between directly interacting species (e.g. Charmantier
et al. 2008; Both et al. 2009; Bauer et al. 2010; Thackeray
et al. 2010). One of the potential consequences of this variation is a change in the relative timing of life cycle events
of closely interacting species, that is, a change in phenological synchrony. Altered timing of ecological interactions can have important fitness consequences for one or
*Correspondence author. E-mail: kharouba@ucdavis.edu

both species in the interaction (Both et al. 2006; Post &
Forchhammer 2008; Klapwijk et al. 2010). For example,
changes in the timing of plant–insect interactions could
influence pest outbreaks and mediate pollination services
(e.g. Bentz et al. 2010; Burkle, Marlin & Knight 2013).
However, there has been variation in the overall magnitude and direction of changes in phenological synchrony
in response to recent climatic changes (e.g. Visser & Holleman 2001; Bauer et al. 2010; McKinney et al. 2012; Iler
et al. 2013), making it difficult to predict future changes
in synchrony.
Understanding whether interacting species use different
abiotic cues and/or have different sensitivities to the same
cue is a first step towards estimating the prevalence of
potential warming-driven shifts in phenological synchrony. Here, we used 130 years of dated butterfly collection records and plant herbarium specimens to compare
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the temperature sensitivity of phenology of adult butterflies and their nectar food plants across British Columbia,
Canada, a climatically heterogeneous region. Despite their
limitations (e.g. nonsystematic collecting, relatively little
information per location), collection records have been
successfully used to document phenological responses to
climate change (e.g. Primack et al. 2004; Bartomeus et al.
2011; Polgar et al. 2013) and they have the great advantage of enabling a broad-scale comparative approach in
phenological research (Vellend et al. 2013; Kharouba
et al. 2014). Since we are particularly interested in predicting species’ phenological shifts over time, we separately
quantified phenological sensitivity to temperature across
space (cold vs. warm sites) and across time (cold vs. warm
years at particular sites) as these relationships have been
shown to differ (e.g. Phillimore et al. 2010; Hodgson et al.
2011; Kharouba et al. 2014).
Temperature is thought to have the most consistent and
dominant influence on early season plant and insect phenology (e.g. Forrest & Thomson 2011; Hodgson et al.
2011; Pau et al. 2011). However, within taxonomic
groups, there can be substantial interspecific variation in
phenological sensitivities to temperature (e.g. Diez et al.
2012; Wolkovich et al. 2012; Kharouba et al. 2014), suggesting that there is likely to be variation across taxonomic or trophic groups, thus creating the potential for
warming-driven shifts in phenological synchrony. A number of studies have compared the temperature sensitivity
of phenology for different trophic levels (e.g. Huey et al.
2002; Cook et al. 2008; Forrest & Thomson 2011), but to
our knowledge, no study has compared the sensitivity
across many pairs of associating species and/or at a broad
temporal (>70 years) and spatial (>900 000 km2) scale.
Such an approach should help determine the generality of
taxonomic differences in phenological sensitivities to temperature and the potential for changes in phenological
synchrony in response to climate change.
At present, it is difficult to make general predictions
about the differences in butterfly–plant phenological sensitivities to temperature. Several studies have found that
plants show greater phenological sensitivity to temperature than animals, including ectotherms (e.g. Huey et al.
2002; Cook et al. 2008; Forrest & Thomson 2011; but see
Gordo & Sanz 2005), suggesting a potentially important
role of mobility limitations. Because sessile adult plants
cannot modulate temperature variation by moving among
microhabitats, selection for phenological plasticity may be
quite strong (Schlichting 1986; Huey et al. 2002). However, other studies have documented greater phenological
shifts over time for insects relative to plants (Visser &
Holleman 2001; Parmesan 2007; Burkle, Marlin & Knight
2013), and others have found no difference in phenological shifts between these groups (Bartomeus et al. 2011;
Ovaskainen et al. 2013; Polgar et al. 2013). While these
studies did not measure temperature sensitivity of phenology directly, their results suggest a role for metabolic constraints in explaining high sensitivity. Respiration-limited

metabolism has been shown to be more sensitive to temperature than photosynthesis-limited metabolism, leading
to greater nonlethal temperature sensitivity of metabolism
and abundance of heterotrophs than autotrophs (Allen,
Gillooly & Brown 2005; O’Connor, Gilbert & Brown
2011). This metabolic difference could scale up and lead
to greater temperature sensitivity of insect phenology than
plant phenology.
In this study of butterflies and plants in British Columbia, we focused on the timing of flowering and of adult
butterfly flight as two phenological phases that must
occur in concert in order for nectar acquisition to occur
and that can be quantified using collection records. We
had three objectives: (i) to compare the phenological sensitivity to temperature of adult butterflies and plants used
as nectar sources, ii) to determine whether this sensitivity
differed across space and time for these taxa and iii) to
compare recent temporal shifts in phenology between butterflies and their nectar plants.

Materials and methods
butterfly database
Our main data source for butterflies was the Canadian National
Collection of Butterflies data base (Layberry, Hall & Lafontaine
1998; updated as of January 2011), which includes georeferenced
(>80% of records to within 1 km) collection records for 187 species in British Columbia dating from 1878 to the present. Each
collection record includes a specimen preserved in one of Canada’s natural history collections. Specimens were collected and
identified initially by lepidopterists and re-verified by lepidopteran
systematists (see Layberry, Hall & Lafontaine 1998). We supplemented the data base with additional data for British Columbia
from the Spencer Entomological Collection (University of British
Columbia) and the personal and professional collections of Canadian butterfly experts. Supplemental butterfly records without
associated geographic coordinates were georeferenced by Ross
Layberry using their locality descriptions, GPS software (QuoVadis, http://www.quovadis-gps.de/), Google Earth and Google
Maps. Only locations accurate to within 2 km were used. To isolate the effect of spring temperature on the same year’s adult
flight season, we excluded all nonresident butterfly species in British Columbia (migratory, rare strays etc.). Our results were not
affected when multivoltine species were excluded (Table S1, Supporting information), so no restrictions were made based on voltinism. Details on the combined data base are presented in
Appendix S1 (Supporting information).

plant database
For plants, we built a new data base focusing on species that are
known to be potential nectar sources for adult butterflies found
in British Columbia. Plant species were chosen by examining lists
of adult nectar food plants in butterfly atlases (e.g. Pyle 2002;
Opler, Lotts & Naberhaus 2010; EH Strickland Entomological
Collection:
http://entomology.museums.ualberta.ca/index.html;
see Table S3, Supporting information). Where only a genus or
species assemblage (e.g. thistles) was specified, E-Flora BC
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(http://www.geog.ubc.ca/biodiversity/eflora/) was consulted to
determine which species of the genus were present in British
Columbia. We therefore assumed in these cases that any species
of the genus present in British Columbia could be a potential
nectar source for the focal butterfly species. Butterfly diet breadth
is often defined based on whether butterflies feed on a single
genus or several genera (e.g. Komonen et al. 2004). Both exotic
and native species were included. Herbarium records were compiled from the University of British Columbia (UBC) herbarium,
the largest collection of plant specimens in western Canada. We
checked each specimen for the presence of flowers and used only
these specimens in our analyses. Specimens with no geographic
coordinates were georeferenced based on locality descriptions
associated with the specimen using Biogeomancer (http://
bg.berkeley.edu/latest/) and Google Maps. We excluded records
with >10 km uncertainty (i.e. those coordinates only accurate to
a single decimal degree or where uncertainty was explicitly calculated based on the detail included in the locality description).
This threshold differed from the butterfly records as we built the
plant data base ourselves and therefore had to balance the effort
required to georeference each record with the number of records
we could process. Details on the plant data base can be found in
Appendix S1 (Supporting information).
The dates (day of year) of collection records were used to estimate the timing of flowering and adult flight for each species–
site–year combination. To avoid pseudoreplication within years,
we calculated the median collection date for each species in each
location for each year. We used median over mean because the
median is more robust in the presence of outliers, especially when
dealing with small sample sizes, and the majority of species–site–
year combinations had few records. Since our objective was to
provide a broad representation of the British Columbian butterfly
and plant communities, we aimed to include as many species as
possible, only eliminating species for which there were fewer than
10 collection records or that covered a range of fewer than
30 years. In total, there were 14 629 records of butterfly specimens of 121 species that met our criteria. Sample size per species
ranged from 12 to 475 records (median 895) that covered a median of 1025 years. In the final plant data set, there were 1200
records of 59 plant species with 11–58 records each
(median = 16), covering an average of 753 years. Our statistical
analyses accounted for the butterfly–plant difference in sampling
effort (see Statistical analysis section).

temperature data
Daily temperature data were extracted from the National Climate
Data and Information Archive (Environment Canada; http://climate.weatheroffice.gc.ca) for weather stations across British
Columbia using the most reliable data available (i.e. they were
quality-controlled – data underwent thorough examination). For
each butterfly collection record and herbarium specimen, weather
data from the closest weather station within 10 km in any
direction were taken. In regions with greater topographic diversity, particularly in mountainous areas, climate can vary considerably over short distances, therefore reducing the precision of
estimates of coefficients from models describing phenology–temperature relationships (see following section). However, weighting
species by the uncertainty of the slope estimate did not improve
model fit in any of the analyses and is therefore not reported
here.
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We tested the ability of temperature to predict phenology across
different blocks of time within a given year (see Tables S5 and S6,
Supporting information). The best predictor for plants was mean
daily temperature from March 1 to May 31 (hereafter referred to
as ‘spring’) and for butterflies it was mean daily temperature from
May 1 to July 31 (hereafter referred to as ‘summer’).

statistical analysis
The analysis was divided into four sections. First, we estimated
the sensitivity of phenology to temporal and spatial dimensions
of temperature (hereafter referred to as ‘temperature sensitivity’). Next, we estimated shifts in phenology over time. Thirdly,
incorporating knowledge of which butterfly–plant species are
likely to interact in the field, we compared the temperature sensitivity and the rate of temporal phenological shift of butterflies
vs. plants. Finally, we evaluated whether the degree of phenological shift over time was related to attributes of species’
time-series data, degree of temperature change or temperature
sensitivity.
We used linear mixed-effects models [‘nlme’ (Pinheiro et al.
2013) and ‘lme4’ packages (Bates et al. 2014)] and generalized
least square models [gls: ‘nlme’ package (Pinheiro et al. 2013)].
All statistical analyses (see Appendix S2, Supporting information
for details) were performed using R 3.0.3 (R Development Core
Team 2012). To evaluate model fit, unless specified otherwise, the
full model was compared to a reduced one using a likelihood
ratio test (LRT). In all analyses, we accounted for unequal sampling effort between butterflies and plants through bootstrapping
of the data (as described below).

Testing phenological sensitivity to spatial and temporal
temperature
We quantified responses in the timing of flowering and adult
flight to spatial (cold vs. warm sites) and temporal (across time at
particular sites) dimensions of temperature as follows. We constructed a mixed-effects model for each species with day of year
as a function of two temperature variables (spatial and temporal);
the year and weather station associated with the specimen were
included as random effects. The spatial dimension of temperature
was characterized by calculating the mean temperature across all
years of data available for each weather station (i.e. site). The
temporal dimension of temperature was characterized by calculating the difference between the temperature for the site and year
of a given specimen and the mean temperature for that site (as
described above, effectively estimating an interannual temperature
differential at that site). The two regression coefficients from this
model were used to define temperature sensitivity with units of
days per °C. We use the terms ‘spatial temperature sensitivity’
and ‘temporal temperature sensitivity’ hereafter to refer to each
coefficient. As such, we define sensitivity as a measure of the
magnitude of a species’ expected phenological response to a unit
of temperature change (a slope in days per °C). We tested the
prediction that average temperature sensitivity across species differed from zero using gls models, for spatial and temporal temperature sensitivity separately. We used the best temperature
predictor of phenology for each group (spring for plants vs. summer for butterflies) and the same predictor for both groups (e.g.
spring or summer with both plants and butterflies) in order to
maximize the comparability of results.
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We then compared spatial and temporal temperature sensitivities
using two approaches. First, we tested whether there was a significant difference in the mean slope of these two sensitivities based on
their absolute values using a model with an intercept as the fixed
effect and species as a random effect. This provides a comparison
of the magnitude of difference in butterfly vs. plant temperature
sensitivity. We then tested whether temperature sensitivities were
correlated across species using a Pearson correlation test. In both
of these approaches, we measured temperature sensitivity using the
best temperature predictor for each group. To equalize sampling
effort between taxonomic groups, we assigned each butterfly a single plant species sample size, without replacement, and then sampled from the butterfly records with replacement 99 times. No
bootstrapping was done for butterfly species with an equal number
of, or fewer, records to the sample size assigned.

Evaluating phenological shifts
To quantify recent temporal phenological shifts, we evaluated the
timing of flowering and adult flight as a function of year (hereafter referred to as ‘phenological shift’ with units of days per year).
To put these shifts into context, we also evaluated temperature
change for the set of locations and times at which there were collection records for that species. For both types of models, we
included the identity of the closest weather station as a random
effect in order to isolate the influence of time. We then tested
whether the timing of flowering, the timing of adult flight and
temperature have changed over time using independent gls models. Bootstrapping to equalize butterfly–plant sampling effort was
done as described above.

Butterfly–plant comparisons in temperature sensitivity
and rate of phenological shift
To compare the temperature sensitivity and rate of phenological
shift of butterflies vs. plants, we identified pairs of species that are
likely to interact as consumer and resource (hereafter referred to as
‘butterfly–plant association’) based on adult nectar food plants or
food groups (e.g. thistles) listed for each butterfly species in the butterfly atlases (see above for references). For each association, we
calculated the magnitude and raw difference in butterfly and plant
temperature sensitivity, and phenological shift. For magnitude, we
first took the absolute value of sensitivity (or phenological shift),
subtracted plant from butterfly sensitivity (or phenological shift)
and then tested whether the mean difference differed from zero.
This provides a direction-independent comparison of butterfly vs.
plant temperature sensitivity and phenological shift. For the raw
difference, we first took the butterfly–plant difference in sensitivity
(or phenological shift) and then took the absolute value of the difference. This approach accounts for both the magnitude and direction of butterfly–plant difference in temperatures sensitivity and
phenological shift, and therefore provides an estimate of potential
shifts in phenological synchrony.
We analysed butterfly–plant differences (magnitude only) in
sensitivity and phenological shift using a linear mixed-effects
model (lmer) with an intercept as the fixed effect and both butterfly and plant species as random effects to account for cases where
a butterfly or plant species associated with multiple species.
Given that lmer does not present P-values and it is not possible
to evaluate the fit of a model without an intercept in lmer, we
evaluated statistical significance using 95% confidence intervals

(the null hypothesis was rejected if the confidence interval did not
include zero). We then tested whether butterfly–plant sensitivities
and phenological shifts were correlated across associations using
a Pearson correlation test. Here, we took the median temperature
sensitivity and phenological shift across plant species associated
with each butterfly species and then took the median sensitivity
for each butterfly species. Results did not change if we first took
the median sensitivity across butterfly species (Table S2, Supporting information). To account for unequal sampling effort
between associating species, for a plant with x records, we randomly selected x records for the butterfly species using that plant
as a resource 99 times. No bootstrapping was done for butterfly
species with an equal number of, or fewer, records to the sample
size assigned.
In total, there were 166 butterfly–plant associations associated
with 61 butterfly species and 55 plant species (Table S3, Supporting
information). The rest of the butterfly species (n = 63) did not have
host plants with >10 records covering a range of more than
30 years. Four plant species were not included in this analysis
because the butterfly species associated with one of the plant species (Atalopedes campestris) did not have enough data and the butterfly species (Vanessa cardui) for three butterfly–plant associations
is migratory and therefore excluded. We acknowledge that our data
base of associations is unlikely to be complete, in that each butterfly species could use more plant species and/or there could be more
butterfly species that use a given plant species. However, our aim
with these data was not to estimate specialization, but simply to
focus on pairs of species likely to interact in nature.

Predicting the degree of phenological shift
We considered how well particular attributes of species’ time-series data and the strength of the underlying biological relationships influenced the estimate of phenological shift. In particular,
for each species, we tested the effect of the first year of the time
series, the total number of records, the degree of temperature
change, and temporal and spatial temperature sensitivity on the
degree of phenological shift. For each butterfly, we took the
mean value across our bootstrapped distribution of parameter
estimates for the degree of temperature change, and temporal
and spatial temperature sensitivities. We took the median value
of first year given its skewed distribution. For both groups, sample size was log-transformed to normalize the distribution. We
took the absolute value of phenological shift (i.e. magnitude only)
for the gls models with first year and sample size given that there
is no a priori prediction about how year or sample size should
affect the direction of a phenological shift. Given the collinearity
among predictor variables, we used individual gls models rather
than performing a model selection approach. Since traits of
related taxa may be similar due to common ancestry and therefore not statistically independent (Felsenstein 1985; Harvey & Pagel 1991), we assessed whether a phylogenetic analysis was
necessary for regressions containing temperature sensitivity by
comparing residuals from linear models to phylogenetically
adjusted linear models (Revell 2010) (see Appendix S2, Supporting information for details).

data considerations
Our use of collection records as opposed to direct field observations likely influences the precision of our estimates of

© 2015 The Authors. Journal of Animal Ecology © 2015 British Ecological Society, Journal of Animal Ecology, 84, 1311–1321

Differences in temperature sensitivities
temperature sensitivity and phenological shifts over time for
three main reasons. First, the majority of locations had a single specimen per year per species (71% of butterfly specimens
and >97% of herbarium specimens); therefore, it is not known
what part of the flowering or flight season, or generation (for
multivoltine butterfly species) those single site–year combinations represent. We assumed that any bias in sampling relative
to the population of plants or adults in a given location and
year is random with respect to temperature (e.g. there is no
systematic tendency to sample early/late flying/flowering individuals in warm or cold years). While this certainly represents
a source of variance that might influence our power to detect
differences, we have no reason to suspect any systematic bias
in our estimates of phenology or temperature sensitivity. Secondly, while there are substantially more collection records in
recent years (Figs S1 and S2, Supporting information), there is
no correlation between latitude of weather station and the first
year an individual was observed (butterflies: r = 0093,
(df = 478), plants: r = 0045 (df = 271). As such, there is both
broad spatial coverage for any given time period and a wide
time span represented in any given region, allowing the effects
of space and time to be statistically distinguished. The increase
in the number of collection records in recent years would only
influence our estimate of shifts in timing of flowering and adult
flight over time if people collected systematically earlier relative
to the actual flowering/flight seasons over the past forty years,
which is exceedingly unlikely, especially across such broad
scales. Indeed, overall collection effort in relation to date does
not substantially change over time (Fig. S2, Supporting information). Lastly, we do not have a large number of records
(e.g. >30) for all species, particularly for the plants (Bishop
et al. 2013). However, this data set is comparable to other
studies using collection records in terms of number of records
per km2 or per year (Calinger, Queenborough & Curtis 2013).
Our goal was not to draw strong inferences for particular
associations, species or sites about temperature sensitivities or
phenological shifts but rather to quantify temperature sensitivities across the butterfly and plant assemblages of British
Columbia.
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Results
temperature patterns
The magnitude of temporal change in spring and summer
mean temperatures (for the sets of locations and times for
which collection records were available) varied among subsets of data for different taxa and seasons (Table 1). There
was an increase in summer temperature across the records of
butterfly species (mean = 00056  00015SE °C per year;
Table 1), but no change in spring temperature was detected
across the records of butterflies or plants (Table 1). When
excluding outliers and using the best temperature predictor
of phenology, the range in temperature change across butterfly species was 0033 to +0077 °C year 1 and across plant
species it was 0080 to +016 °C year 1.

phenological sensitivity to spatial and
temporal temperature
The timing of adult flight and flowering predictably
responded to temporal and spatial temperature. On average, the timing of adult flight and flowering occurred significantly earlier in warmer years and locations than in
cooler years and locations (Table 1, Fig. 1). As expected,
when the same temperature predictor was used for both
groups, temperature sensitivity was reduced (Table 1).
Both butterfly and plant phenologies responded differently to spatial and temporal dimensions of temperature.
For plants, mean temporal temperature sensitivity was significantly greater than spatial temperature sensitivity
(mean = 396  109SE days per °C, LRT3,2 = 12072,
P < 0001, n = 58). For butterflies, temporal sensitivity
was greater than spatial, but the difference was much smaller (mean = 054  029SE days per °C, LRT3,2 = 347,
P = 0063, n = 120). Temporal temperature sensitivities

Table 1. Temperature sensitivities and phenological shifts of butterflies and plants. The best temperature predictors for each group and
the other group were used. Also shown is the mean phenological shift and temperature change over time across species for the set of
locations and times at which there were observations. Significant P-values (a = 005) are in bold

Taxa

Model (units of coefficient)

Temperature metric

Butterflies

Temperature change (°C year 1)

Summer (best predictor)
Spring
Summer (best predictor)
Spring
Summer (best predictor)
Spring
NA
Spring (best predictor)
Summer
Spring (best predictor)
Summer
Spring (best predictor)
Summer
NA

Temporal temperature sensitivity (days per °C)
Spatial temperature sensitivity (days per °C)

Plants

Phenological shift (days per year)
Temperature change (°C year 1)
Temporal temperature sensitivity (days per °C)
Spatial temperature sensitivity (days per °C)
Phenological shift (days per year)

Mean
coefficient (SE)
00056
00024
230
197
148
160
00095
00059
000023
381
2021
173
145
012

(00015)
(00024)
(029)
(030)
(027)
(025)
(0014)
(00052)
(00041)
(136)
(173)
(078)
(125)
(0042)

Total
df
120
121
120
121
120
121
121
59
57
58
57
58
56
59

t-test
statistic

P-value

364
1037
790
658
549
635
068
115
0057
280
117
222
116
276

<00001
030
<00001
<00001
<00001
<00001
050
025
095
00069
025
0030
025
00077
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were correlated with spatial temperature sensitivities for
butterflies (r = 026, t118 = 293, P = 00041) but not for
plants (r = 0098, t55 = 073, P = 047).

butterfly–plant differences in temperature
sensitivity
The magnitude of temporal temperature sensitivity of the
timing of plant flowering was greater than the sensitivity
of the timing of adult butterfly flight (Table 2; Fig. 2).
(a)

(b)

(c)

(d)

Fig. 1. Distributions of temporal (a, c) and spatial (b, d) temperature sensitivities of butterfly adult flight (a, b) and plant flowering (c, d) timing across species. The best temperature predictors
for each group were used. Mean sensitivity is 230 (029SE) (a),
148 (027SE) (b), 381 (136SE) (c), and 173 (078SE) (d)
days per °C. Consistent with the analysis, outliers were removed
(a single species in each panel) to improve visualization of the
general pattern. Zero temperature sensitivity is represented by a
solid line.

(a)

Plants had greater temporal temperature sensitivity than
butterflies by as much as 570  103SE days per °C
(based on spring temperature; Table 2; Fig. 2a). Plant
temperature sensitivity was greater than butterfly temperature sensitivity in 87% of these associations. Plants were
more sensitive to temporal temperature than butterflies
both when using the same temperature predictors and also
when using each taxonomic group’s best temperature predictor (Table 2).
Accounting for differences in both the magnitude and
direction of temperature sensitivities between associating
butterflies and plants (i.e. using raw sensitivity values),
sensitivity differed by as much as 112  167SE days per
°C (using summer temperatures, Table 2). Therefore, all
else being equal, the timing of adult flight relative to flowering could be shifted by 112 days with a temporal
change in summer temperature of 1 °C. Temporal temperature sensitivity was not correlated across butterfly–plant
associations (Table 2).
The timing of flowering was also more sensitive to spatial temperature sensitivity than was the timing of adult
flight (Table 2). Mean butterfly–plant difference in the
magnitude of spatial temperature sensitivity was
233  069SE days per °C (using best temperature predictor; Table 2). This difference was in the same direction
but not significant for other temperature predictors
(Table 2). Based on magnitude and direction, the greatest
butterfly–plant difference in spatial temperature sensitivity
was 692  090SE days per °C (Table 2). Spatial temperature sensitivity was not correlated across butterfly–plant
associations (Table 2).

butterfly–plant differences in temporal
phenological shifts
Phenological shifts were not consistent across taxonomic
groups. Plants significantly delayed their phenology by

(b)

Fig. 2. Butterfly–plant differences in temporal temperature sensitivities across pairwise associations (n = 166 associations). (a) Butterfly–
plant differences in temporal temperature sensitivity (days per °C) where negative values indicate that plant temperature sensitivity is
greater than butterfly sensitivity (mean = 487 (1065SE) days per °C; n = 61 butterflies, 54 plants, 95% CI: 70 to 274). The vertical line represents no butterfly–plant difference in sensitivity. Consistent with the analysis, an outlier was removed to improve visualization of the general pattern. (b) Correlation across butterfly–plant associations in temperature sensitivity (days per °C) with a dotted line
representing the 1:1 relationship. The best temperature predictor for both groups was used.
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Table 2. Butterfly–plant comparison in temporal and spatial temperature sensitivity based on differences in magnitude and raw (magnitude and direction) sensitivities. We used the best temperature predictor of phenology for each group (spring for plants vs. summer for
butterflies) and the same predictor for both groups (e.g. spring or summer with both plants and butterflies). Shown is the mean butterfly
–plant difference in temperature sensitivity (days per °C) and correlation between butterfly and plant temperature sensitivity (Pearson’s
correlation test). For the ‘magnitude’ approach, negative values for differences in sensitivity indicate that plant sensitivity is greater than
butterfly sensitivity and vice versa for positive values. In the best temperature and spring temperature analyses, there were 61 butterfly
species and 54 plant species included. In the summer temperature analyses, there were 61 butterfly species and 52 plant species included.
95% confidence intervals that do not overlap zero and significant P-values (a = 005) are in bold
Temperature
dimension

Approach

Temporal

Magnitude

Raw

Spatial

Magnitude

Raw

Temperature
predictor

Difference in sensitivity
(SE) (days per °C)

95% CI

Pearson’s r (t value, P-value)

Best for both
Spring
Summer
Best for both
Spring
Summer
Best for both
Spring
Summer
Best for both
Spring
Summer

487
570
129
856
861
1118
233
128
051
449
517
692

700, 274
775, 365
375, 117
NA
NA
NA
371, 095
264, 0082
266, 164
NA
NA
NA

NA
NA
NA
0050 (t59 = 039, P = 070)
0040 (t59 = 031, P = 076
013 (t59 = 099, P = 033)
NA
NA
NA
012 (t57 = 088, P = 038)
0013 (t58 = 010, P = 092)
033 (t59 = 266, P = 0010)

(1065)
(103)
(123)
(098)
(098)
(167)
(069)
(068)
(1075)
(057)
(059)
(090)

012  0042SE days per year (average time frame: 1920–
1995; Table 1), whereas butterflies had no overall directional shift in phenology through time (average time
frame: 1907–2004; Table 1). While a delay in flowering is,
on the surface, surprising given the expected response to
warming, note that the mean temperature change for the
locations and years of plant records was not significantly
different from zero (Table 1).
The magnitude of phenological shift was greater for
plants than butterflies among associating species
(mean = 017  0036SE days per year, 95% CI: 024 to
010). Based on the direction and magnitude of phenological shift, butterflies and plants differed by
029  0034SE days per year. Without knowledge of the
seasonal order of the appearance of butterflies vs. plants,
it is unknown whether adult flight and flowering are getting closer or further apart. There was no correlation
between associating butterflies and plants in the degree of
phenological shift (r = 0087, t59 = 0681, P = 050).

predicting the degree of phenological shift
Degree of phenological shift was strongly related to temperature sensitivity for butterflies and plants (Table 3;
Fig. 3). Greater phenological shifts were associated with
greater spatial temperature sensitivity for butterflies
(0011  00048SE, LRT3,2 = 5083, P = 0024) and greater
temporal temperature sensitivity for plants (Pagel PGLS:
0014  00038SE, LRT4,3 = 2487, P < 00001) (Fig. 3).
Additionally, across butterfly species, greater phenological
shifts were associated with sites where temperature changes
have been the greatest ( 1069  083SE, LRT3,2 = 417,
P = 0041) and for species with longer time series
(00020  000084SE, LRT3,2 = 417, P = 0019).

Discussion
It remains difficult to predict how extensive changes in
phenological synchrony will be given that there have been
few comparisons of phenological sensitivities to temperature across interacting species (e.g. Forrest & Thomson
2011). This study contributes three main findings about
the potential for warming-driven shifts in phenological
synchrony between interacting butterflies and plants.
First, plant phenology had greater temperature sensitivity
than butterfly phenology (Fig. 2a; Table 1; Table 2).
These results are consistent with several studies that have
compared the phenological sensitivity of plants and animals, including ectotherms, to temperature (e.g. Huey
et al. 2002; Cook et al. 2008; Forrest & Thomson 2011)
and with some trends in phenological advances due to
recent climate change (Huey et al. 2002; Thackeray et al.
2010). However, Phillimore et al. (2012) showed that a
butterfly species and its host plants had similar temperature sensitivities, and other studies have found that butterflies had greater recent phenological shifts than plants
(Gordo & Sanz 2005; Parmesan 2007; Both et al. 2009).
Clearly there is variation among pairs of interacting species in the presence, direction and magnitude of differences in temperature sensitivity. That said, some of the
discrepancies among studies might be a result of not
directly relating phenology to temperature as we have
done here. Phenological trends over time do not necessarily indicate responsiveness of phenology to temperature as
they are dependent on the degree and pattern of temperature change (Table 3; Cook et al. 2008; Kharouba et al.
2014) and the time frame of available data (Table 3; Badeck et al. 2004; Diez et al. 2012; Iler et al. 2013). They
can also be influenced by changing population sizes
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Table 3. Relationship between temporal phenological shifts (days per year) and attributes of the time-series data (first year and sample
size), temperature change for the sets of locations and times for which collection records were available for each species, and temperature
sensitivity for butterflies and plants. Absolute value of phenological shift was taken for models with first year and sample size. Model fit
is based on a likelihood ratio test (LRT). Significant P-values are in bold (a = 005)
Taxa

Factor

Mean coefficient (SE)

Total df

LRT

Butterflies

First year
Sample size
Temperature change
Temporal sensitivity
Spatial sensitivity
First year
Sample size
Temperature change
Temporal sensitivity
Spatial sensitivity

00020
0030
169
000095
0011
00031
012
161
0014
00030

121
121
120
120
120
59
59
59
58
58

LRT3,2
LRT3,2
LRT3,2
LRT4,3
LRT3,2
LRT3,2
LRT3,2
LRT3,2
LRT4,3
LRT3,2

Plants

(a)

(000084)
(0027)
(083)
(00043)
(00048)
(00017
(0071)
(1064)
(00038)
(00071)

P-value
=
=
=
=
=
=
=
=
=
=

552
118
417
005
5083
313
310
232
2487
019

0019
028
0041
082
0024
0077
0078
013
<00001
066

(b)

Fig. 3. The relationship between degree of
phenological shift (days per year) and
temperature sensitivity (days per °C) for
butterflies
(a)
[0011
(00048SE),
LRT3,2 = 5083, P = 0024] and plants (b)
(Pagel PGLS (phylogenetic generalized
least
squares):
0014
(00038SE),
LRT4,3 = 2487, P < 00001). Shown is the
predicted slope based on gls (pgls for b)
models with a 95% confidence interval.

(Miller-Rushing, Inouye & Primack 2008) and habitat
type (Altermatt 2012). The greater temperature sensitivity
of plant than butterfly phenology suggests that mobility
may be an important trait that can influence the ability of
individuals to modulate the local temperatures they experience (Schlichting 1986; Huey et al. 2002). Indeed, mobility within taxonomic groups has been shown to correlate
with phenological temperature sensitivity (Kharouba et al.
2014: butterflies) and recent range shifts northwards (Parmesan et al. 1999; P€
oyry et al. 2009; but see Angert et al.
2011). Given these butterfly–plant differences in phenological sensitivity to temperature, changes in phenological
synchrony are likely to be driven by more pronounced
responses of plants than butterflies to climate warming.
Secondly, our findings indicate that warming-driven
shifts in phenological synchrony are likely to be widespread. Across associating butterfly and plant species, we
found clear and uncorrelated differences in temperature
sensitivity and in the degree of recent phenological shifts.
Many, but not all, studies have detected recent shifts in
synchrony in response to climate change (e.g. Visser &
Holleman 2001; Post & Forchhammer 2008; McKinney
et al. 2012). As we do not have observations from the
same places in the same years for associating species, we
are limited in our ability to predict the magnitude and

direction of these shifts. For example, greater plant sensitivity would cause increasing asynchrony if, initially, the
plant flowering season preceded the butterfly flight season,
but greater synchrony if the flight season initially preceded the flowering season. Either way, the differences in
temperature sensitivities we have estimated here will inevitably lead to the altered timing of species interactions. To
determine the extent and consequences of these shifts,
more long-term monitoring is needed, particularly for
those interactions with the largest differences in temperature sensitivity and for highly specialized interactions.
Thirdly, our results suggest that translating butterfly–
plant differences in temperature sensitivity into accurate
predictions of warming-driven shifts in phenological synchrony is likely to be difficult. Across plant species, there
was no spatio-temporal correlation in temperature sensitivity and across butterfly species; there was only a weak
correlation. This means that the timing of a species’ flight
or flowering season might be strongly related to temperature through space but not time and vice versa. This suggests that the phenology of some species may be more
influenced by cues other than the aspects of temperature
we have measured here (e.g. fall temperature) or nontemperature-related cues [e.g. precipitation (Crimmins, Crimmins & David Bertelsen 2010), frost (Inouye 2008)] and
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that spatially fixed cues, such as day length, and local
adaptation are also influencing insect and plant phenology
(e.g. Roy & Asher 2003; Doi & Takahashi 2008; Hodgson
et al. 2011; Phillimore et al. 2012). Temperature sensitivity of a focal species also represents an overall response
to the selection pressures from its abiotic environment, as
well as the phenology of its interacting species and their
responses to environmental change (Stenseth & Mysterud
2002; Visser, Both & Lambrechts 2004; Phillimore et al.
2012). Since these phenological phases are not solely
responding plastically to temperature, predicting the phenological responses of interacting species to temperature
changes over time will be challenging.
The butterfly and plant temperature sensitivities we
detected here did not translate into the phenological shifts
over time (advanced flowering and flight) expected based
on global warming. There are three potential explanations.
First, temperature change over the past century might not
have been substantial or consistent enough, relative to interannual variation, to lead to directional shifts in phenology (Table 1). Secondly, the weak or lack of spatiotemporal correlation in temperature sensitivity suggests
that some species may be shifting their phenologies in some
geographic areas but not in others. Those populations that
are not shifting their phenologies could instead be shifting
in space to track their climatic niches (Amano et al. 2014).
Thirdly, the limits of data derived from museum collection
records may have constrained our ability to statistically
detect recent temporal shifts in phenology. While we have
demonstrated here that these records can indeed be used to
detect broad-scale relationships between phenology and
temperature, they are less applicable to making precise estimates about the degree of temporal phenological shifts for
particular species or sites given the high noise: signal ratio
common to this type of data (e.g. single records as estimates
of phenology (Robbirt et al. 2011; Kharouba et al. 2014).
Therefore, unless there is exceptionally good spatial–temporal coverage for interacting species, our capacity to predict shifts in phenological synchrony at local scales is
limited with museum collection records.

conclusions
We detected significant phenological temperature sensitivity for both butterflies and plants using a widespread but
underutilized data source: collection records. Across associating butterfly–plant species, we found that flowering
time was more sensitive to temperature than the timing of
adult butterfly flight and that temperature sensitivity and
recent phenological shifts were not correlated. These findings indicate that warming-driven shifts in phenological
synchrony are likely to be prevalent for butterflies and
plants. Accounting for both temporal and spatial temperature sensitivities of phenology will be critical for making
accurate predictions about warming-driven shifts in phenological synchrony. However, more work is needed to
understand the relative importance of different abiotic
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cues and local adaptation in influencing butterfly and
plant phenology.

Acknowledgements
We are grateful to Guy Baillargeon, Cris Guppy, Jeremy Kerr, Norbert
Kondla, Ross Layberry and Karen Needham for providing the butterfly
data. We thank Krysta Banack, Steve Healy, Jessica Henry, Ariel Kettle,
Christine Lester, Russell Prentice, Jordan Pryce, Charl Stafleu, Connie
Tam, and Isabelle Teasdale for help in compiling and georeferencing the
herbarium specimens, and Amber Saundry for access to the UBC Herbarium data base. Thanks to Ross Layberry for help with georeferencing the
butterfly collection records, Brian Anacker for help with the plant phylogenetic tree, and Albert Phillimore and Marcel Holyoak for helpful feedback on this manuscript. This research was funded by the Natural
Sciences and Engineering Research Council of Canada (Postgraduate
Scholarship to HMK; Discovery Grant to MV).

Data accessibility
The butterfly–plant associations used in the analysis can be found in
Appendix S2 (Table S3, Supporting information). All plant data are
available from the Dryad Digital Repository: http://dx.doi.org/10.5061/
dryad.tc3v2 (Kharouba & Vellend 2015).

References
Allen, A., Gillooly, J. & Brown, J. (2005) Linking the global carbon cycle
to individual metabolism. Functional Ecology, 19, 202–213.
Altermatt, F. (2012) Temperature-related shifts in butterfly phenology
depend on the habitat. Global Change Biology, 18, 2429–2438.
Amano, T., Freckleton, R.P., Queenborough, S.A., Doxford, S.W., Smithers, R.J., Sparks, T.H. et al. (2014) Links between plant species’ spatial and temporal responses to a warming climate. Proceedings of the
Royal Society of London B: Biological Sciences, 281, 20133017.
Angert, A.L., Crozier, L.G., Rissler, L.J., Gilman, S.E., Tewksbury, J.J. &
Chunco, A.J. (2011) Do species’ traits predict recent shifts at expanding
range edges? Ecology Letters, 14, 677–689.
Badeck, F.W., Bondeau, A., B€
ottcher, K., Doktor, D., Lucht, W., Schaber, J. et al. (2004) Responses of spring phenology to climate change.
New Phytologist, 162, 295–309.
Bartomeus, I., Ascher, J.S., Wagner, D., Danforth, B.N., Colla, S.,
Kornbluth, S. et al. (2011) Climate-associated phenological advances in
bee pollinators and bee-pollinated plants. Proceedings of the National
Academy of Sciences of the USA, 108, 20645–20649.
Bates, D., Maechler, M., Bolker, B. & Walker, S. (2014) lme4: Linear
mixed-effects models using Eigen and S4 classes R package version
1.0-6.
 epanek, P., Bartosova,
Bauer, Z., Trnka, M., Bauerova, J., Mozny, M., St
L. et al. (2010) Changing climate and the phenological response of great
tit and collared flycatcher populations in floodplain forest ecosystems in
Central Europe. International Journal of Biometeorology, 54, 99–111.
Bentz, B.J., Regniere, J., Fettig, C.J., Hansen, E.M., Hayes, J.L., Hicke,
J.A. et al. (2010) Climate change and bark beetles of the western United
States and Canada: direct and indirect effects. BioScience, 60, 602–613.
Bishop, T.R., Botham, M.S., Fox, R., Leather, S.R., Chapman, D.S. &
Oliver, T.H. (2013) The utility of distribution data in predicting phenology. Methods in Ecology Evolution, 4, 1024–1032.
Both, C., Bouwhuis, S., Lessells, C. & Visser, M.E. (2006) Climate change
and population declines in a long-distance migratory bird. Nature, 441,
81–83.
Both, C., Van Asch, M., Bijlsma, R.G., Van Den Burg, A.B. & Visser,
M.E. (2009) Climate change and unequal phenological changes across
four trophic levels: constraints or adaptations? Journal of Animal Ecology, 78, 73–83.
Bradley, N.L., Leopold, A.C., Ross, J. & Huffaker, W. (1999) Phenological changes reflect climate change in Wisconsin. Proceedings of the
National Academy of Sciences of the USA, 96, 9701–9704.
Burkle, L.A., Marlin, J.C. & Knight, T.M. (2013) Plant-pollinator interactions over 120 years: loss of species, co-occurrence and function. Science, 339, 1611–1615.

© 2015 The Authors. Journal of Animal Ecology © 2015 British Ecological Society, Journal of Animal Ecology, 84, 1311–1321

1320 H. M. Kharouba & M. Vellend
Calinger, K.M., Queenborough, S. & Curtis, P.S. (2013) Herbarium
specimens reveal the footprint of climate change on flowering trends
across north-central North America. Ecology Letters, 16, 1037–
1044.
Charmantier, A., McCleery, R.H., Cole, L.R., Perrins, C., Kruuk, L.E.B.
& Sheldon, B.C. (2008) Adaptive phenotypic plasticity in response to
climate change in a wild bird population. Science, 320, 800–803.
Cook, B.I., Cook, E.R., Huth, P.C., Thompson, J.E., Forster, A. & Smiley, D. (2008) A cross-taxa phenological dataset from Mohonk Lake,
NY and its relationship to climate. International Journal of Climatology,
28, 1369–1383.
Crimmins, T.M., Crimmins, M.A. & David Bertelsen, C. (2010) Complex
responses to climate drivers in onset of spring flowering across a semiarid elevation gradient. Journal of Ecology, 98, 1042–1051.
~ez, I., Miller-Rushing, A.J., Mazer, S.J., Crimmins, T.M.,
Diez, J.M., Ib
an
Crimmins, M.A. et al. (2012) Forecasting phenology: from species variability to community patterns. Ecology Letters, 15, 545–553.
Doi, H. & Takahashi, M. (2008) Latitudinal patterns in the phenological
responses of leaf colouring and leaf fall to climate change in Japan. Global Ecology and Biogeography, 17, 556–561.
Felsenstein, J. (1985) Phylogenies and the comparative method. The American Naturalist, 125, 1–15.
Forrest, J.R. & Thomson, J.D. (2011) An examination of synchrony
between insect emergence and flowering in Rocky Mountain meadows.
Ecological Monographs, 81, 469–491.
Gordo, O. & Sanz, J.J. (2005) Phenology and climate change: a long-term
study in a Mediterranean locality. Oecologia, 146, 484–495.
Harvey, P.H. & Pagel, M. (1991) The Comparative Method in Evolutionary
Biology. Oxford University Press, Oxford, UK.
Hodgson, J.A., Thomas, C.D., Oliver, T.H., Anderson, B.J., Brereton, T.
& Crone, E. (2011) Predicting insect phenology across space and time.
Global Change Biology, 17, 1289–1300.
Huey, R.B., Carlson, M., Crozier, L., Frazier, M., Hamilton, H., Harley,
C.D.G. et al. (2002) Plants versus animals: do they deal with stress in
different ways? Integrative Comparative Biology, 42, 415–423.
Iler, A.M., Inouye, D.W., Høye, T.T., Miller-Rushing, A.J., Burkle, L.A.
& Johnston, E. (2013) Maintenance of temporal synchrony between syrphid flies and floral resources despite differential phenological responses
to climate. Global Change Biology, 19, 2348–2359.
Inouye, D.W. (2008) Effects of climate change on phenology, frost damage,
and floral abundance of montane wildflowers. Ecology, 89, 353–362.
Kharouba, H.M. & Vellend, M. (2015) Data from: Flowering time of butterfly nectar food plants is more sensitive to temperature than the timing of butterfly adult flight. Dryad Digital Repository http://dx.doi.org/
10.5061/dryad.tc3v2.
Kharouba, H.M., Paquette, S.R., Kerr, J.T. & Vellend, M. (2014) Predicting the sensitivity of butterfly phenology to temperature over the past
century. Global Change Biology, 20, 504–514.
Klapwijk, M.J., Grobler, B.C., Ward, K., Wheeler, D. & Lewis, O.T.
(2010) Influence of experimental warming and shading on host–parasitoid synchrony. Global Change Biology, 16, 102–112.
Komonen, A.T., Grapputo, A., Kaitala, V., Kotiaho, J.S. & Paivinen, J.
(2004) The role of niche breadth, resource availability and range position on the life history of butterflies. Oikos, 105, 41–54.
Layberry, R.A., Hall, P.W. & Lafontaine, J.D. (1998) The Butterflies of Canada, pp. 280. NRC Research Press, Canada Institute for Scientific and
Technical Information, University of Toronto Press, Toronto, Ontario.
McKinney, A.M., CaraDonna, P.J., Inouye, D.W., Barr, B., Bertelsen,
C.D. & Waser, N.M. (2012) Asynchronous changes in phenology of
migrating Broad-tailed Hummingbirds and their early-season nectar
resources. Ecology, 93, 1987–1993.
Miller-Rushing, A.J., Inouye, D.W. & Primack, R.B. (2008) How well do
first flowering dates measure plant responses to climate change? The
effects of population size and sampling frequency. Journal of Ecology,
96, 1289–1296.
O’Connor, M.I., Gilbert, B. & Brown, C.J. (2011) Theoretical predictions
for how temperature affects the dynamics of interacting herbivores and
plants. The American Naturalist, 178, 626–638.
Opler, P.A., Lotts, K. & Naberhaus, T. (2010) Butterflies and Moths of North
America. http://www.butterfliesandmoths.org/. Accessed August 2010.
Ovaskainen, O., Skorokhodova, S., Yakovleva, M., Sukhov, A., Kutenkov, A., Kutenkova, N. et al. (2013) Community-level phenological
response to climate change. Proceedings of the National Academy of Sciences of the USA, 110, 13434–13439.

Parmesan, C. (2007) Influences of species, latitudes and methodologies on
estimates of phenological response to global warming. Global Change
Biology, 13, 1860–1872.
Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J.K., Thomas, C.D.,
Descimon, H. et al. (1999) Poleward shifts in geographical ranges of
butterfly species associated with regional warming. Nature, 399, 579–
583.
Pau, S., Wolkovich, E.M., Cook, B.I., Davies, T.J., Kraft, N.J.B.,
Bolmgren, K. et al. (2011) Predicting phenology by integrating ecology, evolution and climate science. Global Change Biology, 17, 3633–
3643.
Phillimore, A.B., Hadfield, J.D., Jones, O.R. & Smithers, R.J. (2010) Differences in spawning date between populations of common frog reveal
local adaptation. Proceedings of the National Academy of Sciences of the
USA, 107, 8292–8297.
Phillimore, A.B., St
alhandske, S., Smithers, R.J. & Bernard, R. (2012) Dissecting the contributions of plasticity and local adaptation to the phenology of a butterfly and its host plants. The American Naturalist, 180,
655–670.
Pinheiro, J.C., Bates, D., DebRoy, S. & Sarkar, D. (2013) nlme: Linear
and Nonlinear Mixed Effects Models R package version 3.1-104.
Polgar, C.A., Primack, R.B., Williams, E.H., Stichter, S. & Hitchcock, C.
(2013) Climate effects on the flight period of Lycaenid butterflies in
Massachusetts. Biological Conservation, 160, 25–31.
Post, E. & Forchhammer, M.C. (2008) Climate change reduces reproductive
success of an Arctic herbivore through trophic mismatch. Proceedings of
the Royal Society of London B: Biological Sciences, 363, 2367–2373.
P€
oyry, J., Luoto, M., Heikkinen, R.K., Kuussaari, M. & Saarinen, K.
(2009) Species traits explain recent range shifts of Finnish butterflies.
Global Change Biology, 15, 732–743.
Primack, D., Imbres, C., Primack, R.B., Miller-Rushing, A.J. & Del Tredici,
P. (2004) Herbarium specimens demonstrate earlier flowering times in
response to warming in Boston. American Journal of Botany, 91, 1260–1264.
Pyle, R.M. (2002) The Butterflies of Cascadia, p. 418. Seattle Audubon
Society, Seattle, Washington.
R Development Core Team. (2012) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. Vienna, Austria.
Revell, L.J. (2010) Phylogenetic signal and linear regression on species
data. Methods in Ecology and Evolution, 1, 319–329.
Robbirt, K.M., Davy, A.J., Hutchings, M.J. & Roberts, D.L. (2011) Validation of biological collections as a source of phenological data for use
in climate change studies: a case study with the orchid Ophrys sphegodes. Journal of Ecology, 99, 235–241.
Roy, D.B. & Asher, J. (2003) Spatial trends in the sighting dates of British butterflies. International Journal of Biometeorology, 47, 188–192.
Roy, D. & Sparks, T. (2000) Phenology of British butterflies and climate
change. Global Change Biology, 6, 407–416.
Schlichting, C.D. (1986) The evolution of phenotypic plasticity in plants.
Annual Review of Ecology, Evolution, and Systematics, 17, 667–693.
Stenseth, N.C. & Mysterud, A. (2002) Climate, changing phenology, and
other life history traits: nonlinearity and match-mismatch to the environment. Proceedings of the National Academy of Sciences of the USA,
99, 13379–13381.
Thackeray, S.J., Sparks, T.H., Frederiksen, M., Burthe, S., Bacon, P.J.,
Bell, J.R. et al. (2010) Trophic level asynchrony in rates of phenological
change for marine, freshwater and terrestrial environments. Global
Change Biology, 16, 3304–3313.
Vellend, M., Brown, C., Kharouba, H.M., McCune, J. & Myers-Smith, I.
(2013) Historical ecology: using unconventional data sources to study
temporal change in plant populations and communities. American Journal of Botany, 100, 1294–1305.
Visser, M.E., Both, C. & Lambrechts, M.M. (2004) Global climate change
leads to mistimed avian reproduction. Advances in Ecological Research,
35, 89–110.
Visser, M.E. & Holleman, L.J.M. (2001) Warmer springs disrupt the synchrony of oak and winter moth phenology. Proceedings of the Royal
Society of London B: Biological Sciences, 268, 289–294.
Wolkovich, E.M., Cook, B., Allen, J., Crimmins, T., Betancourt, J., Travers, S. et al. (2012) Warming experiments underpredict plant phenological responses to climate change. Nature, 485, 494–497.
Received 25 November 2014; accepted 6 March 2015
Handling Editor: Jonathan Newman

© 2015 The Authors. Journal of Animal Ecology © 2015 British Ecological Society, Journal of Animal Ecology, 84, 1311–1321

Differences in temperature sensitivities

Supporting Information
Additional Supporting Information may be found in the online version
of this article.
Appendix S1. Description of data preparation.
Appendix S2. Description of main and additional statistical
analyses.
Fig. S1. Temporal and spatial distribution of plant and butterfly
collection records across the province of British Columbia, Canada.
Fig. S2. Seasonal distribution of records for butterflies and plants
over the past century.
Table S1. Sensitivity test for the main results based on the inclusion
of multivoltine butterflies.
Table S2. Sensitivity test for butterfly-plant correlation in temperature sensitivity based on whether median sensitivity is taken across
plant or butterflies species first.
Table S3. List of the butterfly-plant associations used in the
analysis.

1321

Table S4. Sensitivity test for the main results for butterflies and
plants with and without outliers.
Table S5. Relationship between the timing of flowering season and
temperature for plant species.
Table S6. Differences in plant temporal and spatial temperature
sensitivity based on two different blocks of temperature.
Table S7. Relationship between the timing of flight season and
temperature for butterfly species.
Table S8. A comparison of models that evaluate the temperature
sensitivity based on the inclusion of a smoothing term to assess the
potential for non-linearity.
Table S9. Model comparison between phylogenetic and nonphylogenetic models for relationships between degree of phenological shift and temperature sensitivity for plant species.
Table S10. Model comparison between phylogenetic and
non-phylogenetic models for relationships between degree of
phenological shift and temperature sensitivity for butterfly
species.

© 2015 The Authors. Journal of Animal Ecology © 2015 British Ecological Society, Journal of Animal Ecology, 84, 1311–1321

