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1 |  INTRODUCTION

Anthropogenic climate warming is causing widespread shifts in 

phenology— the seasonal timing of biological events (Parmesan & 

Yohe, 2003; Primack et al., 2009). Flowering times, annual emer-

gences and spring migrations have all tended to advance their dates 

(Inouye et al., 2000), although at different rates for different species 

(CaraDonna et al., 2014; Prather et al., 2023). Some of these shifts 

have been shown to disrupt synchrony with interacting species and 

optimal environmental conditions, potentially affecting population de-

mography and ecosystem processes (Forrest & Miller- Rushing, 2010; 

Iler, CaraDonna, et al., 2021; Inouye, 2008; Visser & Gienapp, 2019). 

Phenological shifts could also disrupt synchrony among individuals of 

the same species, which could in turn impact demography and evolu-

tion, although this possibility has received considerably less empirical 

attention (but see Prevéy et al., 2017; Rivest et al., 2021).
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Abstract

1. Flowering phenology can vary considerably even at fine spatial scales, potentially 

leading to temporal reproductive isolation among habitat patches. Climate 

change could alter flowering synchrony, and hence temporal isolation, if plants 

in different microhabitats vary in their phenological response to climate change. 

Despite the importance of temporal isolation in determining patterns of gene 

flow, and hence population genetic structure and local adaptation, little is known 

about how changes in climate affect temporal isolation within populations.

2. Here, we use flowering phenology and floral abundance data of 50 subalpine 

plant species over 44 years to test whether temporal isolation between habitat 

patches is affected by spring temperature. For each species and year, we analysed 

temporal separation in peak flowering and flowering overlap between habitat 

patches separated by 5– 950 m.

3. Across our study species, warmer springs were associated with more temporal 

differentiation in flowering peaks among habitat patches, and less flowering over-

lap, increasing potential for temporal isolation within populations.

4. Synthesis. By reducing opportunities for mating among plants in nearby habitat 

patches, our results suggest that warmer springs may reduce opportunities for 

gene flow within populations, and, consequently, the capacity of plant popula-

tions to adapt to environmental changes.
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The seasonal timing of reproductive events not only determines or-

ganisms' synchrony with their biotic and abiotic environments, but also 

synchrony among potential mates (e.g. Augspurger, 1981). Because 

mating can only occur between individuals with some overlap in timing 

of reproduction, variation in reproductive phenology can lead to tem-

poral reproductive isolation— hereafter ‘temporal isolation’ (i.e. phe-

nological assortative mating, or isolation by time; Fox, 2003; Hendry 

& Day, 2005; Rosser, 2016; Schuster et al., 1989; Weis et al., 2005, 

2014). In plants, for example, flowering phenology can vary consid-

erably among habitat patches due to small- scale variation in environ-

mental conditions such as snowpack, sun exposure and temperature 

(Billings & Bliss, 1959; Denney et al., 2020; Jackson, 1966; Theobald 

et al., 2017; Yamagishi et al., 2005). Climate change could alter patterns 

of temporal isolation if phenological response to climate change varies 

in space (e.g. among habitat patches or populations), leading to altered 

synchrony (Prevéy et al., 2017; Rivest et al., 2021). This could occur, 

for example, if individuals located in different microhabitats exhibit 

genetic variation in responsiveness to climate, or if climate directly in-

creases spatial variability in the environmental drivers of phenology.

Temporal isolation in turn can affect the capacity of popula-

tions to respond adaptively to changing environmental conditions, 

including climate change (Wadgymar et al., 2015). Like spatial iso-

lation, temporal isolation can reduce gene flow across landscapes 

(Fox, 2003; Heard et al., 2012; Ison et al., 2014; Peters & Weis, 2019) 

and therefore increase or decrease local adaptation and fine- scale 

genetic structure (Ellstrand, 2014; Garant et al., 2007; Holt & 

Gomulkiewicz, 1997). Conversely, synchronized reproduction can 

allow gene flow even among spatially segregated habitat patches 

(Kitamoto et al., 2006; Yamagishi et al., 2005), although the extent of 

gene flow will also depend on the distance between habitat patches 

and the mode of pollination (e.g. wind vs. animal). Such avenues for the 

influx of non- resident alleles or genotypes are particularly relevant in 

the context of anthropogenic climate change, as they could affect the 

capacity of populations to respond to new environmental conditions. 

The degree of temporal isolation can therefore influence how quickly 

plants can adapt to climate change, and how quickly alleles conferring 

tolerance to new environmental conditions spread within and among 

populations (Aguilée et al., 2016; Aitken & Whitlock, 2013; Godineau 

et al., 2021; Matter et al., 2013; Weis et al., 2014; Zettlemoyer & 

Peterson, 2021). In patchily distributed populations, temporal isola-

tion among habitat patches could also reduce reproductive success or 

lead to inbreeding depression by reducing the number and diversity 

of available mates in the landscape (Ison et al., 2014, but see Ison & 

Wagenius, 2014; Munguía- Rosas et al., 2011).

Considering the importance of flowering synchrony for popula-

tions' adaptive responses to environmental change, it is critical to 

understand the extent to which intraspecific flowering synchrony 

is affected by climate change. However, while populations have 

been shown to vary in their phenological sensitivity to tempera-

ture (Fisogni et al., 2022; Parmesan & Yohe, 2003; Pau et al., 2011; 

Prevéy et al., 2017; Primack et al., 2009; Rivest et al., 2021; Zohner 

et al., 2018), information about how flowering synchrony within 

populations is affected by climate warming is extremely limited. 

Indeed, most long- term data on flowering phenology consider 

population- level trends in mean, median or first flowering dates (e.g. 

Menzel et al., 2006; Rafferty et al., 2020; Wang et al., 2015, but see 

Inouye et al., 2019), which does not permit comparison of phenolog-

ical responses within populations. Moreover, trends in population 

mean, median or first flowering dates do not allow us to character-

ize changes in flowering duration (at the scale of individuals, habitat 

patches or populations), which also contribute to temporal isolation. 

For example, all else being equal, shorter flowering durations within 

habitat patches should reduce flowering overlap between patches.

Here we use flowering phenology and floral abundance data 

collected for the whole flowering period of 50 subalpine plant spe-

cies over 44 years in the Rocky Mountains of Colorado, USA, to test 

whether the potential for temporal isolation among habitat patches is 

affected by spring temperature. We measured, for each plant species, 

the overlap in flowering distribution between habitat patches. Our 

‘habitat patches’ are 21 individual plant community plots, located 5– 

950 m from one another, that represent five distinct but interdigitating 

habitat types that co- occur within our 30- ha study area (Supporting 

information, Figure S1). Subalpine plant communities are characterized 

by a short growing season limited by cold temperatures and snowfall. 

In such communities, snowmelt timing and spring temperature have a 

strong influence on flowering phenology because they determine the 

start of the growing season and the availability of soil moisture (Inouye 

et al., 2002). In this system, the start of the growing season, and con-

sequently flowering phenology, can vary considerably among micro-

habitats located within a few metres of each other due to topographic 

and aspect differences (Forrest et al., 2010). Changes in phenological 

synchrony among habitat patches could therefore influence gene flow 

within and among distinct habitat types. Moreover, despite consider-

able interannual variation in spring temperature and snowmelt timing, 

there has been a trend towards warmer springs and earlier snowmelt 

in the Rocky Mountains since the 1970s (Funk et al., 2014).

2 |  METHODOLOGY

2.1 |  Data collection

Data on the flowering phenology of angiosperms were collected at the 

Rocky Mountain Biological Laboratory (RMBL) in Gothic, Colorado, 

USA (~2900 m above sea level). From 1974 to 2020, the number of 

flowers or inflorescences was recorded approximately every other 

day in 21 2 × 2 m plots throughout the growing season (from day of 

year 129 ± 21 to 267 ± 19; mean ± SD) for all the flowering plant spe-

cies present in the plots. Flowers were counted for species with con-

spicuous flowers, while inflorescences were counted for species with 

small, clustered flowers (see Table S1 for details on the reproductive 

unit counted for each species). Missed years or incomplete censuses 

in 1976, 1978 and 1990 result in 44 years of observations.

The plots are not randomly distributed in the landscape but were 

selected to encompass different types of habitats (specifically: dry 

rocky meadows [n = 7],  aspen  forest  [n = 2],  wet  meadow  [n =
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Veratrum- dominated meadows [n = 2]  and  the  edges  of  wet  mead-

ows with partial willow cover [n = 5]; see also Figure S1). The plots 

therefore represent haphazard samples of the broader landscape, 

with the different habitat types sometimes occurring in closer prox-

imity than is reflected by the spatial distribution of the plots; for 

example, there are patches of wet meadow habitat within 350 m of 

dry rocky meadow habitat, although our wet meadow plots are all 

>500 m away from our dry rocky meadow plots (Figure S1).

The date of snowmelt, defined as the date of first bare ground in 

spring, has been recorded every year at a fixed station located within 

1 km  of  the  plots  (Barr, 2022). Temperature data were obtained from 

the National Oceanic and Atmospheric Administration weather station 

in Crested Butte, CO, approximately 9 km from the phenology plots (and 

221 m lower than their average elevation). Temperature from this station 

is highly correlated with temperature from a more recently established 

station located within 1 km of the plots (and 4 m lower than their average 

elevation) (r = 0.85, p < 0.0001, n = 21 years, for the values of spring tem-

perature measured as described below). Spring temperature was deter-

mined as the average maximal daily temperature for the months of April, 

May and June (selected a priori). In our system, snowmelt at the mea-

surement station typically occurs in late May, but sometimes as early as 

late April (average day of year of snowmelt = 140, range = 114– 170), and 

the first day of flowering across species and plots is similar to the timing 

of snowmelt (average day of first flowering = 139, range = 104– 160). To 

describe each plot's microclimate, we estimated the long- term average 

date of snowmelt, slope (angle from horizontal; range = 2.2– 25.0), and as-

pect (southness; range = −0.99– 1.00) of each of the 21 plots using spatial 

datasets from the RMBL Spatial Data Platform (spatial resolution = 1 m 

for slope and aspect, and 27 m for date of snowmelt; based on 30 years 

of data) (Breckheimer & Williams, 2023; Breckheimer et al., 2023).

2.2 |  Statistical analysis

2.2.1  |  Curve fitting

Flowering distributions for each plot– year– species combination 

were obtained by fitting curves to the number of flowers recorded 

on each census day using piecewise cubic Hermite interpolation of 

polynomials with the pchip function from the pracma package of 

R (Borchers, 2021). This method forces the curves to pass through 

each observed value of flower abundance (without oscillating be-

tween interpolation points like standard cubic splines). Because sta-

tistical estimates of phenology have been shown to be unreliable at 

high spatial and temporal resolution (Iler, Humphrey, et al., 2021), 

our conservative method of curve fitting should be more appropri-

ate for our fine- scale phenological data.

2.2.2  |  Measures of synchrony

For each species and each year, we estimated the potential for 

temporal isolation between each pair of plots by measuring the 

phenological overlap between flowering curves. Flowering over-

lap (Equation 1) was calculated as the area of overlap between the 

standardized flowering curves of two plots, ‘a’ and ‘b’. This area was 

calculated by summing the minimum number of flowers open across 

the two plots at each time i, between the first (i = 1) and last (i = n) 

days of flowering across the two plots. Flowering curves were stand-

ardized by dividing the number of flowers open at each time i (ai 

and bi) by the total number of flowers summed across the flowering 

period within that plot (expressed as ∑a and ∑b), such that:

The total standardized area of a flowering curve corresponded to 

1, thus the measure of overlap gives values of proportion of overlap 

(ranging from 0 to 1). This metric has been used to measure phe-

nological synchrony (Fox, 2003; Miller- Rushing et al., 2010) and as 

a proxy for potential gene flow between populations (Carscadden 

et al., 2022; Franks & Weis, 2009; Matter et al., 2013; Rivest 

et al., 2021).

We also measured the number of days between flowering peaks 

and between first flowering dates for each pair of plots (measured 

in absolute values), as well as the flowering duration of each plot. 

This allowed us to determine whether changes in flowering over-

lap were due to changes in flowering synchrony between plots or 

changes in flowering duration within plots. A species' flowering peak 

within a plot was defined as the day with the maximal floral abun-

dance within the plot (note that with our method of curve fitting, 

the estimated flowering peak always corresponded to the observed 

flowering peak). When the maximal floral abundance was observed 

for multiple days, we took the average of those dates. Flowering du-

ration was defined as the number of days between the first and last 

days for which the floral abundance of a given flowering curve was 

greater than zero.

2.2.3  |  Models

To avoid potential biases in the analysis, we removed, for each 

species,  pairs  of  plots  that  occurred  in  fewer  than  15 years  of  ob-

servation (the plots from those pairs were also removed from the 

analysis of flowering duration). We also removed plot– species– year 

combinations in which only one flower was observed or for which 

flowers were observed on only one census date, and species– year 

combinations for which either the beginning or end of flowering 

was missed by censuses in at least one plot (this occurred mostly 

with early- flowering species in earlier years of the study). Because 

our plots encompassed different types of habitats, the investigated 

plant species occurred only in a subset of those plots (see Table S1).

We used a hierarchical Bayesian model with a zero– one- inflated 

beta distribution to test for an effect of spring temperature (�훽temp) 

on flowering overlap among plots. Beta distributions are well suited 

to model proportional data such as proportional overlap (Douma & 

(1)Overlapab=

n∑

i=1

min

(

ai∕

n∑

i=1

ai,bi∕

n∑

i=1

bi
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Weedon, 2019). A zero– one- inflated distribution was used to handle 

values of overlap of zero and one, which are not possible with stan-

dard beta distributions. Spring temperature and snowmelt date were 

highly correlated in our dataset (r = −0.83, n = 44 years), so we only 

incorporated spring temperature in the models, as model comparison 

using leave- one- out cross- validation (with the function loo from the 

R package loo; Vehtari et al., 2016) demonstrated that spring tem-

perature offered better predictive accuracy than snowmelt date. In 

addition to this model, we tested for an effect of spring temperature 

on the number of days between flowering peaks and first flowering 

dates among plots using a gamma distribution with hurdle models, 

and on flowering durations within plots using a gamma distribution. 

Gamma distributions are well suited for continuous data confined to 

positive values and with skewed distributions (Bolker, 2008). Hurdle 

models were used to handle the presence of zeros, which are not 

accommodated in standard gamma distribution models.

Year was included as a continuous covariate (�훽year) to prevent 

spurious relationships between spring temperature and phenological 

patterns due to both variables potentially changing similarly across 

years (effectively detrending by year; Iler et al., 2017). The spatial 

distance (�훽dist) between plots was used as a covariate to control for 

the effect of distance between plots on flowering synchrony. We 

incorporated an interaction term between this variable and spring 

temperature (�훽temp∗dist) because the effect of spring temperature on 

temporal isolation might be stronger for more spatially distinct plots. 

Species identity was modelled as a random effect with a random in-

tercept (asp) and a random slope for spring temperature (�훽temp,sp) and 

year 
(
�훽year,sp

)
. To account for repeated observations of pairs of plots 

and habitat types during the study period, plot- pair- by- species com-

binations (ap; n = 169)  nested  within  habitat- pair- by- species  combi-

nations (ah; n = 15, see Section 2.1 above) were included as random 

intercepts. The models were of the form:

where �휇i is the mean value of flowering synchrony or duration across 

observations i, except for the model of flowering duration. In the latter 

model, �훽dist and �훽temp∗dist were not included, and the random effects 

included the plot and habitat type from which duration was measured 

rather than the plot or habitat pairs. The fixed effects were standard-

ized by subtracting the mean value and dividing by the standard de-

viation to improve model convergence. Because the flowering period 

of some species (Androsace septentrionalis, Boechera stricta, Collomia 

linearis, Polygonum douglasii and Ranunculus inamoenus) is sometimes 

characterized by two periods of flowering separated by a period with 

no flowering, the model of flowering duration was run both with and 

without these species. Both models gave similar results, so we present 

only the results from the model including all species.

We used another model to test whether three plot microclimatic 

variables (date of snowmelt, slope and aspect) and one species trait 

(average flowering peak, i.e. average of the dates of flowering peaks 

across plots and years) predicted flowering overlap and changes in 

flowering overlap with spring temperature (correlations between 

plot microclimatic variables are not sufficiently strong to cause 

problems of collinearity; see Table S2). This model was similar to the 

model of flowering overlap (above) but also incorporated the plot 

and species characteristics and their interaction with spring tem-

perature as additional explanatory variables. Note that this model 

could not be used to estimate species- level effects of temperature 

on flowering overlap; which was done using the model described in 

(Equation 2) because this requires modelling species as a random 

effect only.

We used non- informative priors for all parameter estimates. 

The models were run using Hamiltonian Monte Carlo sampling, with 

four chains of 10,000 iterations, of which the first 2500 were dis-

carded as burn- in. The thinning intervals were set to 10 to reduce 

autocorrelation in the Markov chains. Convergence of chains for 

all parameters was verified both visually with trace plots and with 

the Gelman– Rubin convergence statistic (̂R < 1.01  for  all  parame-

ters) (Gelman & Rubin, 1992). The models were run using the brm 

function from the brms package in R (Bürkner, 2017). We checked 

for temporal autocorrelation in our variables by incorporating a first- 

order autoregressive term in the models (using the brms package; 

Bürkner, 2017), but no detectable autocorrelation was observed (the 

credible interval for the autoregressive term in the overlap model 

was −0.88– 0.88). We also tested for the presence of phylogenetic 

signal by building a phylogenetic tree with the phylo.maker function 

from the V.PhyloMaker package (Jin & Qian, 2019), but because in-

corporating phylogeny did not improve the models (using leave- one- 

out cross- validation with the loo function from the brms package 

in R; Bürkner, 2017), phylogeny was not incorporated in the final 

models.

3 |  RESULTS

Across subalpine plant species, we found a positive association 

between spring temperature and temporal isolation. Specifically, 

warmer springs were associated with more temporal separation in 

flowering peaks (Figure 1a), and less flowering overlap, between 

habitat patches (Figures 1b and 2). In both cases, the Bayesian cred-

ible interval (BCI) of the estimated effect of spring temperature did 

not  overlap  zero  (95%  BCI  [0.013,  0.081]  for  separation  in  flower-

ing peaks, and [−0.121, −0.050] for overlap). However, the effect of 

spring temperature on temporal separation in first flowering dates 

was weaker than that for flowering peaks, and the estimated slope 

overlapped zero (95% BCI [−0.004, 0.047]). We found no effect of 

spring temperature on flowering duration across the subalpine spe-

cies  in  our  dataset  (95%  BCI  [−0.028,  0.004]).  This  indicates  that 

changes in temporal isolation were more likely due to changes in 

flowering synchrony between plots than changes in flowering dura-

tion within plots.

While we detected an overall negative association between 

spring temperature and flowering overlap between habitat 

patches, this effect varied among species (Figure 2). Most species 

(2)

�휇i=asp+ah+ap+�훽temp+�훽year+�훽dist+�훽temp∗dist+�훽temp,sp+�훽

 13652745, 2023, 10, 
Do
wnloaded fro

m https://besjournals.onlinelibrary.
wiley.co

m/doi/10.1111/1365-2745.14175, 
Wile
y 
O
nli
ne 
Li
brar
y 
o
n [
0
4/
1
0/
2
0
2
3]. 
See t
he 
Ter
ms a
n
d 
C
o
n
diti
o
ns (
htt
ps://
o
nli
neli
brar
y.
wile
y.c
o
m/ter

ms-a
n
d-c
o
n
ditions) on 

Wiley 
Online 

Library for rules of use; 
O
A articles are governed by the applicable 

Creative 
Co
m
mons 

License

year,sp



   |  2261Journal of EcologRIVEST ET AL. y

experienced a decrease in flowering overlap with warmer springs. 

The BCI of this relationship did not overlap zero in 20 of the 50 

investigated species (Figure 2a). However, many species exhibited 

similarly strong patterns but with lower confidence in the strength 

of the effect due to smaller sample sizes. Some species exhibited no 

decrease in flowering overlap among habitat patches with increasing 

spring temperature. Finally, a few species exhibited a trend towards 

increased flowering overlap with warmer springs, but the BCIs of 

these relationships always overlapped zero (Figure 2a,b). Across all 

investigated species, we found a reduction in proportional flowering 

overlap of 0.013 (i.e. −1.3%) per °C (Figure 2b). However, many spe-

cies showed considerably higher decreases in flowering overlap with 

increasing temperatures (Figure 2b).

Microclimate was an important driver of flowering synchrony. 

Flowering overlap was lower between plots with larger differences in 

estimated snowmelt dates and slopes (95% BCI [−0.231, −0.140] for 

snowmelt date and [−0.255, −0.173] for slope), but not between plots 

with more distinct aspects (95% BCI [−0.022, 0.054]) (Figure 3b– d; 

illustrated as the difference in intercepts). More spatially separated 

plots also exhibited less flowering overlap, even when controlling 

for  microclimatic  variables  (95%  BCI  [−0.255,  −0.103]; Figure 3a). 

The effect of temperature on flowering overlap was partially me-

diated by microclimatic differences between plots: plots with more 

distinct slopes exhibited greater reductions in flowering overlap 

with  increasing  temperature  (95%  BCI  [−0.040,  −0.008]; Figure 3). 

However, differences in snowmelt date, aspect and spatial location 

did not explain variation in the flowering overlap– temperature re-

lationship  (95%  BCI  [−0.0270,  0.009]  for  snowmelt  date,  [−0.024, 

0.003]  for  aspect,  and  [−0.030,  0.007]  for  spatial  distance;  i.e., 

there is no evidence that regression slopes differ in Figure 3a,c,d). 

Flowering phenology did not explain interspecific differences in the 

effect of spring temperature on temporal isolation; that is, species 

that flowered earlier did not exhibit more or less change in overlap 

with temperature (95% BCI [−0.044, 0.017]).

4 |  DISCUSSION

Across the subalpine plant species in our dataset, warmer springs 

increase the potential for temporal isolation among habitat patches 

within populations. More precisely, warmer springs are associated 

with more temporal separation in flowering peaks (Figure 1a), and 

less flowering overlap among habitat patches (Figures 1b and 2). In 

other words, flowering phenology becomes less synchronized across 

our studied subalpine landscape in warmer springs, as the earlier- 

flowering plots advance phenology more than later- flowering plots, 

which may reduce opportunities for mating among plants in differ-

ent habitat patches. This suggests that spring temperature could in-

fluence pollen dispersal within populations, and hence potentially 

gene flow and reproductive success (Aguilée et al., 2016; Aitken & 

Whitlock, 2013; Godineau et al., 2021; Matter et al., 2013; Weis 

et al., 2014). In the context of climate change, increased reproduc-

tive isolation could reduce the spread of alleles conferring toler-

ance to new environmental conditions and affect the rate at which 

populations can adapt to those new conditions (Aguilée et al., 2016; 

Aitken & Whitlock, 2013; Godineau et al., 2021; Matter et al., 2013; 

Weis et al., 2014; Zettlemoyer & Peterson, 2021).

Notwithstanding the strong overall patterns (Figure 1), the 

effect of spring temperature on temporal isolation varied con-

siderably across the 50 plant species we investigated. Although 

many species experienced a decrease in flowering overlap among 

habitat patches with increasing spring temperature, some species 

were unaffected or weakly affected, while a few species had a 

weak tendency towards increased synchrony (Figure 2). For ex-

ample, in Salix monticola— the most responsive species— the pro-

portion of overlap decreased by 0.062 per °C, corresponding to a 

FIGURE 1 Effect of spring temperature on phenological 

synchrony. (a) Schematic representation of the different indices of 

synchrony between pairs of plots used in the study. (b, c) Effect 

of spring temperature on different measures of phenological 

synchrony with 95% credible intervals. Effect sizes are comparable 

only within panels because different distributions were used to 

model the effect of spring temperature in different panels: gamma 

distributions for (b), and zero- inflated beta distributions for (c). In 

(b), the back- transformed, unstandardized, marginal effect sizes 

correspond to −0.20 days per °C for flowering duration, 0.21 days 

per °C for days between flowering peaks and 0.08 days per °C 

for days between first flowerings. In (c), the back- transformed 

marginal effect size corresponds to a reduction in proportional 

overlap of 0.013 per °C for flowering overlap. Note that because 

the relationships between spring temperature and the response 

variables are nonlinear (in the back- transformed space), the 

marginal effects hold only when all the explanatory variables 

are at their mean values, and are therefore provided only to aid 

interpretation.

(a)

(b)

(c)
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15% reduction per °C (relative to the average overlap value of 0.42 

for this species)— a value five times higher than the across- species 

average of 0.013 (corresponding to a 2.5% decrease relative to the 

average overlap value of 0.52). This interspecific variability in re-

sponse to climate is consistent with high variability among species 

in studies of other phenological trends, such as shifts in flower-

ing dates and duration (Bock et al., 2014; CaraDonna et al., 2014; 

Cook et al., 2012; Fitter & Fitter, 2002; Prather et al., 2023). 

Therefore, not only the ecological impacts of climate warming, but 

also its potential evolutionary impacts (e.g. via altered gene flow), 

could differ considerably among co- occurring species. Specifically, 

impacts of climate change on pollen exchange and gene flow are 

more likely for those species, like S. monticola, that exhibit strong 

decreases in overlap with warming, while we would expect little 

impact on gene flow in species that exhibit little to no change in 

synchrony with temperature. More studies are needed that inves-

tigate how and why species vary in their response to climate, both 

in their overall phenology and in their intraspecific synchrony (see 

Chmura et al., 2019; Zohner et al., 2018).

4.1 |  Drivers of changes in temporal isolation with 

temperature

We found that microclimate was an important driver of tempo-

ral isolation in our subalpine landscape. Differences in dates of 

snowmelt and slopes between plots predicted their phenological 

synchrony: pairs of plots with less synchronized snowmelt and 

more different slopes also exhibited less synchronized flowering 

(Figure 3). In turn, these more microclimatically distinct plots (or 

at least those with different slopes) also experienced a stronger 

impact of temperature on their phenological synchrony. This sug-

gests that plants growing in different microhabitats become more 

temporally isolated with warmer springs. It is important to note, 

FIGURE 2 Effect of spring temperature on the degree of overlap in flowering phenology between plots for 50 subalpine flowering plant 

species. (a) Probability density functions of the standardized effect sizes showing the 95% credible intervals (in blue) for the 50 plant species 

and the overall effect size. (b) Conditional effect of spring mean daily maximum temperature on the degree of flowering overlap for the 50 

species (blue) and the overall effect (black, with 95% credible interval in grey). (c, d) Comparison of the flowering phenology of different 

plots (shown in different colours) between a year with a cold spring (c, 1975; 11.1°C) and a year with a warm spring (d, 1977; 17.2°C) for 

Delphinium barbeyi.

 13652745, 2023, 10, 
Do
wnloaded fro

m https://besjournals.onlinelibrary.
wiley.co

m/doi/10.1111/1365-2745.14175, 
Wile
y 
O
nli
ne 
Li
brar
y 
o
n [
0
4/
1
0/
2
0
2
3]. 
See t
he 
Ter
ms a
n
d 
C
o
n
diti
o
ns (
htt
ps://
o
nli
neli
brar
y.
wile
y.c
o
m/ter

ms-a
n
d-c
o
n
ditions) on 

Wiley 
Online 

Library for rules of use; 
O
A articles are governed by the applicable 

Creative 
Co
m
mons 

License

(a) (b)

(c)

(d)



   |  2263Journal of EcologRIVEST ET AL. y

however, that our plots were not randomly distributed in the land-

scape but were selected to encompass different habitat types 

(Figure S1), which limits our ability to disentangle the effects of 

these variables (as plots of a given habitat type were often clus-

tered in space, although problems of collinearity are unlikely; see 

Table S2).

We detected an association between spring temperature and 

proximity in flowering peaks between habitat patches, but not be-

tween temperature and flowering duration within habitat patches 

(Figure 1a). Therefore, although some studies have observed an ef-

fect of climate on the flowering durations of individuals or populations 

(Bock et al., 2014; CaraDonna et al., 2014; Rivest et al., 2021), changes 

FIGURE 3 Effects of plot differences on the relationship between spring temperature and flowering overlap between plots. Proportional 

flowering overlap is shown as a function of spring temperature and spatial distance between plots (a), difference between plots in snowmelt 

dates (b), difference in slopes between plots (c) and difference in aspects between plots (d). The estimate for the interaction between 

plot differences and spring temperature did not overlap zero (indicating evidence of an interaction) for difference in plot slopes (c), but 

overlapped zero (indicating lack of evidence of an interaction) for spatial distance (a) and differences in snowmelt dates (b) and aspect 

(d). The values of spatial distance in (a) were selected to encompass most of the range in spatial distance between plots in our study area 

(range = 5– 950 m).

(a)

(c) (d)
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in relative timing of flowering peaks, rather than duration, are proba-

bly the main drivers of the variation in temporal isolation that we see 

in this study (see also Figure 2c,d). The skewness of phenological dis-

tributions can also affect overlap (Stemkovski et al., 2022), but we did 

not test for an effect of spring temperatures on skewness; we assume 

shifts in peak dates and durations will have larger effects on overlap.

What mechanism is responsible for reduced phenological syn-

chrony with warmer springs? First, warmer springs could directly in-

crease spatial variability in the environmental drivers of phenology. 

For example, in warm springs with low snowpack, exposed microhab-

itats can lose their reflective snow cover early in spring, leading to 

snow from subsequent snowfall melting rapidly, while snow can con-

tinue to accumulate in less exposed microhabitats. This could increase 

phenological differences among microhabitats relative to cold years, 

in which snow can continue to accumulate in both types of microhab-

itats until melting relatively synchronously during the longer, warmer 

days of late spring. In support of this hypothesis, the mean snowmelt 

date of our plots is highly correlated with their variability in snowmelt 

dates across years (measured as the standard deviation; r = −0.96, 

n = 30 years and 21 plots), indicating that plots with earlier snowmelt 

experience more interannual variability in timing of snowmelt.

Alternatively, genetic differences among plants occupying differ-

ent habitat patches (i.e. heritable phenotypic plasticity, see Anderson 

et al., 2012; Nussey et al., 2005), perhaps due to adaptation to differ-

ent microhabitats, could generate spatial variation in phenological 

responsiveness to temperature. It is not clear whether our habitat 

patches were sufficiently isolated to exhibit much genetic differenti-

ation. However, Waser and Price (1991) found evidence of outbreed-

ing depression in individuals of Delphinium nuttallianum— one of our 

study species— separated by 30 m from one another, suggesting that 

at least in some species, even nearby habitat patches could exhibit 

considerable genetic differences. On the other hand, in our analysis, 

microclimate was a stronger driver of changes in temporal isolation 

with temperature than spatial distance, suggesting that changes in 

temporal isolation are not necessarily stronger in more spatially— 

and hence genetically— isolated plants.

Finally, reduced phenological synchrony with rising tempera-

ture could originate from complex microgeographical variation 

in environmental conditions. If habitat patches vary in multiple 

environmental variables, such as temperature and soil moisture, 

plants whose flowering phenologies are governed by interactions 

among these variables might react differently in different patches 

to changes in a given driver. If this hypothesis is correct, we should 

expect late- flowering species to experience more change in pheno-

logical synchrony with temperature. This is because the flowering 

phenology of early- flowering plants is often strongly correlated with 

the timing of snowmelt, while the flowering of later- blooming spe-

cies is frequently associated with additional variables such as soil 

moisture (Cook et al., 2012; Dunne et al., 2003; Fitter & Fitter, 2002; 

Miller- Rushing et al., 2007). However, our data did not support this 

prediction; across our species, we found no relationship between 

plant mean phenology (across plots and years) and changes in syn-

chrony with temperature.

To our knowledge, our study is unique in combining data on 

whole flowering distributions and long- term phenological monitoring 

to assess the effect of temperature on flowering synchrony within 

plant populations. Studies investigating the role of temperature or 

climate change on synchrony at larger spatial scales, along latitudinal 

or altitudinal gradients, have found contrasting trends: a decrease 

(Menzel et al., 2008; Rivest et al., 2021; Wang et al., 2015; Zohner 

et al., 2018), an increase (Fisogni et al., 2022; Prevéy et al., 2017; 

Rafferty et al., 2020) or no trend (Park et al., 2019) in synchrony with 

warmer years or over time. The effect of temperature on synchrony 

that we observed (a decrease in overlap of 2.5% per °C, if expressed 

relative to our average overlap value of 0.52) is comparable in magni-

tude to that reported among populations— although comparisons are 

made challenging by the different metrics of change used in differ-

ent studies. For example, Fisogni et al. (2022) studied a large eleva-

tional gradient over 33 years, and found an increase in overlap over 

the study period in 3 of 10 elevation pairs, with a change between 

adjacent pairs of 6.8%. Prevéy et al. (2017) investigated variation in 

temperature sensitivity of flowering phenology among sites across 

the Canadian and European Arctic and found that cooler plots were 

more sensitive to warming— exhibiting a 0.35 day per °C greater sen-

sitivity, per degree difference in summer temperature. This value is 

comparable in magnitude to our global average of a 0.21 day diver-

gence in peak dates per °C. In these latter studies, the observed vari-

ability in synchrony with climate could sometimes be attributed to 

spatial variability in the intensity of climate warming— for example, 

colder sites warming faster. It is unlikely that this mechanism plays 

a role in explaining our results because our study system encom-

passed a limited elevational range (<110 m). It therefore seems likely 

that flowering synchrony within populations is governed at least in 

part by different mechanisms than synchrony among populations, 

which could explain the discrepancy between our results and those 

of some studies conducted at larger spatial scales.

Our results, together with other studies, suggest that changes 

in flowering synchrony might be a widespread consequence of cli-

mate change, not only along large climatic gradients, but also within 

populations that span microclimates. Patterns of genetic structure 

and local adaptation might therefore be restructuring in complex 

ways in response to climate changes. Small- scale changes in phe-

nological synchrony could also affect processes such as mast seed-

ing, for which within- population synchronization is critical (Koenig 

et al., 2015). However, given the strong influence of temperature 

on phenology in the subalpine plant community that we studied 

(Forrest et al., 2010; Inouye, 2008), it remains to be determined 

the extent to which climate affects small- scale temporal isolation in 

other systems, where temperature may play a less central role.

4.2 |  Caveats
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By detecting an effect of spring temperature on temporal isolation 

within plant populations, our study suggests that changes in tempo-

ral isolation occur at a scale similar to that of pollen dispersal in many 
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plant species— and, therefore, that these phenological changes could 

realistically influence within- population pollen dispersal. Indeed, the 

distance between our most distant plots (less than 950 m) is similar to 

the maximal foraging ranges of some of the main pollinator species 

in our study area (more than 800 m; Elliott, 2009), and most of our 

study species occurred in only a portion of the plots that were closer 

to one another than this (e.g. 190 m between the most distant of the 

10 plots in which Delphinium barbeyi was present). Moreover, the 

effect of spring temperature on temporal isolation was only slightly 

more pronounced between highly distant plots relative to the most 

nearby ones (Figure 3), indicating that the effect we detected was 

not driven mainly by the highly spatially isolated plots. Therefore, it 

seems likely that our plots are sufficiently close to one another for 

pollen transport to be possible, provided flowering times align.

Nevertheless, the potential impacts of increased temporal isola-

tion might vary considerably among plant species. Plants experienc-

ing frequent long- distant pollen dispersal, such as those pollinated by 

wind, birds or large- bodied bees, might be more affected than plants 

pollinated primarily by short- distance dispersers (e.g. some flies) 

and primarily selfing plants, because pollen dispersal might occur 

more frequently at the scale at which temporal isolation manifests 

(Gathmann & Tscharntke, 2002; Rader et al., 2011; Wessinger, 2021). 

Our studied species encompass diverse pollination systems: 7 of 

the 50 investigated species are wind- pollinated (Table S1); birds 

and large- bodied bees are common pollinators of many of our stud-

ied species (e.g. those in the genera Aconitum, Delphinium, Lupinus, 

Mertensia, Erythronium, Potentilla, Hydrophyllum, Lathyrus, Vicia, 

Amelanchier); many species are generalists (e.g. Asteraceae species, 

Ligusticum, Pseudocymopterus); and some are pollinated mostly by 

flies and small bees (e.g. Valeriana edulis). We should therefore expect 

the consequences of increased temporal isolation to differ consider-

ably among the 50 species we studied. Moreover, population density 

and spatial distribution might also influence the impact of temporal 

isolation. For example, temporal isolation could reduce the avail-

ability of potential mates in fragmented or small populations, while 

plants in dense and well- connected populations could have access to 

a large pool of mates regardless of the degree of temporal isolation.

In wind- pollinated plants, temporal isolation and pollen dispersal 

should be directly affected by flowering overlap, as their pollen is 

carried passively through the landscape (Schuster & Mitton, 2000; 

Schuster et al., 1989). However, in animal- pollinated plants— a group 

that includes most of our study species— patterns of pollen dispersal 

also depend on pollinator behaviour (e.g. Ogilvie & Thomson, 2016). 

The relationships among flowering overlap, temporal isolation 

and pollen dispersal need to be interpreted with more caution in 

these species because pollinator behaviour and the floral charac-

teristics that affect it (e.g. flower abundance and reward content) 

could themselves be affected by climate (Descamps et al., 2020, 

2021; Inouye et al., 2002; Miller- Rushing & Inouye, 2009; Russell 

& McFrederick, 2022). Therefore, although reductions in flowering 

overlap among habitat patches should influence pollen movement 

among animal- pollinated plants— as reproduction can only occur 

among individuals with overlapping flowering periods— the precise 

effects of climate change on pollen dispersal will also depend on 

other factors.

5 |  CONCLUSIONS

Phenological synchrony mediates patterns of pollen dispersal and 

gene flow within and among populations, but as we demonstrate 

here, climate change could disrupt this synchrony in flowering 

plants. Our study points to a need to gather more data on the ef-

fect of intraspecific synchrony on patterns of pollen dispersal and 

how climate affects such patterns, for example by directly moni-

toring pollen movements or using genetic markers (e.g. Kitamoto 

et al., 2006; Yamagishi et al., 2005). Moreover, most current stud-

ies on intraspecific synchrony rely on limited phenological informa-

tion, such as first flowering dates (e.g. Menzel et al., 2008; Wang 

et al., 2015; Zohner et al., 2018). Here we detected a stronger effect 

of temperature on flowering overlap and synchrony in peak flower-

ing dates than on synchrony in first flowering (Figure 1a), highlight-

ing the need for future studies to collect data on whole flowering 

distributions to accurately describe intraspecific synchrony (Inouye 

et al., 2019, see also Rivest et al., 2021). Given the key role of pollen 

dispersal and gene flow in the capacity of species to adapt to climate 

change, such studies promise to improve our understanding of how 

climate change will affect biodiversity.

AUTHOR CONTRIBUTIONS

Design, analyses and initial writing were done by Sébastien Rivest. 

Sébastien Rivest, Brian D. Inouye and Jessica R. K. Forrest contrib-

uted to writing and revisions.

ACKNO WLE DGE MENTS

We thank the researchers who collected the long- term phenology 

data funded by multiple National Science Foundation grants includ-

ing DEB- 2016749, DEB- 1912006, DEB- 1354104 and DEB- 0922080, 

and Billy Barr for providing the snowmelt data. We also thank Julien 

Martin and members of the Forrest lab for valuable advice, and D. 

Inouye for comments. Funding for this project was provided by the 

University of Ottawa and the Natural Sciences and Engineering 

Research Council of Canada (NSERC).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

PEER REVIEW

The peer review history for this article is available at https://www.

webof scien ce.com/api/gatew ay/wos/peer- revie w/10.1111/1365-

 2745. 14175.

DATA AVAIL ABILIT Y STATEMENT

Data and code used for this manuscript are available from the Dryad 

Digital Repository: https://doi.org/10.5061/dryad.dz08k ps38 (Rivest  

et al., 2023

 13652745, 2023, 10, 
Do
wnloaded fro

m https://besjournals.onlinelibrary.
wiley.co

m/doi/10.1111/1365-2745.14175, 
Wile
y 
O
nli
ne 
Li
brar
y 
o
n [
0
4/
1
0/
2
0
2
3]. 
See t
he 
Ter
ms a
n
d 
C
o
n
diti
o
ns (
htt
ps://
o
nli
neli
brar
y.
wile
y.c
o
m/ter

ms-a
n
d-c
o
n
ditions) on 

Wiley 
Online 

Library for rules of use; 
O
A articles are governed by the applicable 

Creative 
Co
m
mons 

License

).

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14175
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14175
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14175
https://doi.org/10.5061/dryad.dz08kps38


2266 |   Journal of Ecolog RIVEST ET AL.y

ORCID

Sébastien Rivest  https://orcid.org/0000-0003-3203-7927 

Brian D. Inouye  https://orcid.org/0000-0003-3994-2460 

Jessica R. K. Forrest  https://orcid.org/0000-0002-5273-9339 

REFERENCES

Aguilée, R., Raoul, G., Rousset, F., & Ronce, O. (2016). Pollen dispersal 

slows geographical range shift and accelerates ecological niche 

shift under climate change. Proceedings of the National Academy 

of Sciences of the United States of America, 113(39),  E5741– E5748. 

https://doi.org/10.1073/pnas.16076 12113

Aitken, S. N., & Whitlock, M. C. (2013). Assisted gene flow to facili-

tate local adaptation to climate change. Annual Review of Ecology, 

Evolution, and Systematics, 44(1),  367– 388. https://doi.org/10.1146/

annur ev- ecols ys- 11051 2- 135747

Anderson, J. T., Inouye, D. W., McKinney, A. M., Colautti, R. I., & 

Mitchell- Olds, T. (2012). Phenotypic plasticity and adaptive evo-

lution contribute to advancing flowering phenology in response 

to climate change. Proceedings of the Royal Society B: Biological 

Sciences, 279(1743),  3843– 3852. https://doi.org/10.1098/RSPB. 

2012.1051

Augspurger, C. K. (1981). Reproductive synchrony of a tropical shrub: 

Experimental studies on effects of pollinators and seed preda-

tors in Hybanthus prunifolius (Violaceae). Ecology, 62(3),  775– 788. 

https://doi.org/10.2307/1937745

Barr, B. (2022). Gothic weather, long- term weather data. https://www.

gothi cwx.org/long- term- snow.html

Billings, W. D., & Bliss, L. C. (1959). An alpine snowbank environment 

and its effects on vegetation, plant development, and productivity. 

Ecology, 40(3),  388– 397. https://doi.org/10.2307/1929755

Bock, A., Sparks, T. H., Estrella, N., Jee, N., Casebow, A., Schunk, C., 

Leuchner, M., & Menzel, A. (2014). Changes in first flowering 

dates and flowering duration of 232 plant species on the Island of 

Guernsey. Global Change Biology, 20(11),  3508– 3519. ht t ps://d oi .

org/10.1111/gcb.12579

Bolker, B. M. (2008). Ecological models and data in R. Princeton University 

Press. https://doi.org/10.2307/J.CTVCM 4G37

Borchers, H. W. (2021). Package ‘pracma’. https://cran.r- proje ct.org/web/

packa ges/pracm a/pracma.pdf

Breckheimer, I., Donohue, J., Dafflon, B., Wainright, H., Sibold, J., 

Taylor, S., Primus, D., Bartelson, B., Williams, K., & Billick, I. (2023). 

Integrated snow and air temperature metrics for ecological applica-

tions. Watershed function SFA, ESS- DIVE repository. Dataset. 

Ess- Dive- 568e180493399b7- 20230406T134152384495.

Breckheimer, I., & Williams, K. (2023). A composite high resolution 

canopy height map for the East River Watershed. Watershed 

Function  SFA,  ESS- DIVE  Repository.  Dataset.  Ess- Dive- 568e1804 

93399b7- 20230406T134152384495.

Bürkner, P.- C. (2017). brms: An R package for Bayesian multilevel models 

using Stan. Journal of Statistical Software, 80(1),  1– 28. ht t ps://d oi .

org/10.18637/ JSS.V080.I01

CaraDonna, P. J., Iler, A. M., & Inouye, D. W. (2014). Shifts in flowering 

phenology reshape a subalpine plant community. Proceedings of the 

National Academy of Sciences of the United States of America, 111(13), 

4916– 4921. https://doi.org/10.1073/pnas.13230 73111

Carscadden, K. A., Doak, D. F., & Emery, N. C. (2022). Climate variation 

influences flowering time overlap in a pair of hybridizing montane 

plants. Western North American Naturalist, 82(1),  128– 145. ht t ps://

doi.org/10.3398/064.082.0112

Chmura, H. E., Kharouba, H. M., Ashander, J., Ehlman, S. M., Rivest, E. B., 

& Yang, L. H. (2019). The mechanisms of phenology: The patterns 

and processes of phenological shifts. Ecological Monographs, 89(1), 

e 01337. https://doi.org/10.1002/ECM.1337

Cook, B. I., Wolkovich, E. M., & Parmesan, C. (2012). Divergent responses 

to spring and winter warming drive community level flowering 

trends. Proceedings of the National Academy of Sciences of the United 

States of America, 109(23),  9000– 9005. https://doi.org/10.1073/

PNAS.11183 64109

Denney, D. A., Jameel, M. I., Bemmels, J. B., Rochford, M. E., & Anderson, 

J. T. (2020). Small spaces, big impacts: Contributions of micro- 

environmental variation to population persistence under climate 

change. AoB Plants, 12(2), plaa005. https://doi.org/10.1093/

AOBPL A/PLAA005

Descamps, C., Jambrek, A., Quinet, M., & Jacquemart, A. L. (2021). 

Warm temperatures reduce flower attractiveness and bumblebee 

foraging. Insects, 12(6), 493. https://doi.org/10.3390/INSEC TS120 

60493/ S1

Descamps, C., Marée, S., Hugon, S., Quinet, M., & Jacquemart, A. L. 

(2020). Species- specific responses to combined water stress and 

increasing temperatures in two bee- pollinated congeners (Echium, 

Boraginaceae). Ecology and Evolution, 10(13),  6549– 6561. ht t ps://

doi.org/10.1002/ECE3.6389

Douma, J. C., & Weedon, J. T. (2019). Analysing continuous proportions 

in ecology and evolution: A practical introduction to beta and 

Dirichlet regression. Methods in Ecology and Evolution, 10(9), 1412– 

1430. https://doi.org/10.1111/2041- 210X.13234

Dunne, J. A., Harte, J., & Taylor, K. J. (2003). Subalpine meadow flow-

ering phenology responses to climate change: Integrating exper-

imental and gradient methods. Ecological Monographs, 73(1), 69– 

86. https://doi.org/10.1890/0012- 9615(2003)073[0069:SMFPR T] 

2.0.CO;2

Elliott, S. E. (2009). Subalpine bumble bee foraging distances and den-

sities in relation to flower availability. Environmental Entomology, 

38(3),  748– 756. https://doi.org/10.1603/022.038.0327

Ellstrand, N. C. (2014). Is gene flow the most important evolutionary 

force in plants? American Journal of Botany, 101(5),  737– 753. ht t ps://

doi.org/10.3732/ajb.1400024

Fisogni, A., de Manincor, N., Bertelsen, C. D., & Rafferty, N. E. (2022). 

Long- term changes in flowering synchrony reflect climatic changes 

across an elevational gradient. Ecography, 2022(2), e06050. ht t ps://

doi.org/10.1111/ECOG.06050

Fitter, A. H., & Fitter, R. S. R. (2002). Rapid changes in flowering time in 

British plants. Science, 296(5573),  1689– 1691. http://scien ce.scien 

cemag.org/conte nt/296/5573/1689.short

Forrest, J., Inouye, D. W., & Thomson, J. D. (2010). Flowering phenology 

in subalpine meadows: Does climate variation influence commu-

nity co- flowering patterns? Ecology, 91(2),  431– 440. ht t ps://d oi .

org/10.1890/09- 0099.1

Forrest, J., & Miller- Rushing, A. J. (2010). Toward a synthetic understand-

ing of the role of phenology in ecology and evolution. Philosophical 

Transactions of the Royal Society of London. Series B: Biological 

Sciences, 365(1555),  3101– 3112. https://doi.org/10.1098/rstb. 

2010. 0145

Fox, G. A. (2003). Assortative mating and plant phenology: Evolutionary 

and practical consequences. Evolutionary Ecology Research, 5(1),  1– 18.  

http://www.evolu tiona ry- ecolo gy.com/abstr acts/v05/1383.html

Franks, S. J., & Weis, A. E. (2009). Climate change alters reproductive 

isolation and potential gene flow in an annual plant. Evolutionary 

Applications, 2(4),  481– 488. https://doi.org/10.1111/j.1752- 4571. 

2009.00073.x

Funk, J., Saunders, S., Sanford, T., Easley, T., & Markham, A. (2014). 

Rocky Mountain forests at risk: Confronting climate- driven im-

pacts from insects, wildfires, heat, and drought. Report from the 

Union of Concerned Scientists and the Rocky Mountain Climate 

Organization.

Garant, D., Forde, S. E., & Hendry, A. P. (2007). The multifarious effects 

of dispersal and gene flow on contemporary adaptation. Functional 

Ecology, 21(3),  434– 443. https://doi.org/10.1111/j.1365- 2435. 

 13652745, 2023, 10, 
Do
wnloaded fro

m https://besjournals.onlinelibrary.
wiley.co

m/doi/10.1111/1365-2745.14175, 
Wile
y 
O
nli
ne 
Li
brar
y 
o
n [
0
4/
1
0/
2
0
2
3]. 
See t
he 
Ter
ms a
n
d 
C
o
n
diti
o
ns (
htt
ps://
o
nli
neli
brar
y.
wile
y.c
o
m/ter

ms-a
n
d-c
o
n
ditions) on 

Wiley 
Online 

Library for rules of use; 
O
A articles are governed by the applicable 

Creative 
Co
m
mons 

License

2006.01228.x

https://orcid.org/0000-0003-3203-7927
https://orcid.org/0000-0003-3203-7927
https://orcid.org/0000-0003-3994-2460
https://orcid.org/0000-0003-3994-2460
https://orcid.org/0000-0002-5273-9339
https://orcid.org/0000-0002-5273-9339
https://doi.org/10.1073/pnas.1607612113
https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1098/RSPB.2012.1051
https://doi.org/10.1098/RSPB.2012.1051
https://doi.org/10.2307/1937745
https://www.gothicwx.org/long-term-snow.html
https://www.gothicwx.org/long-term-snow.html
https://doi.org/10.2307/1929755
https://doi.org/10.1111/gcb.12579
https://doi.org/10.1111/gcb.12579
https://doi.org/10.2307/J.CTVCM4G37
https://cran.r-project.org/web/packages/pracma/pracma.pdf
https://cran.r-project.org/web/packages/pracma/pracma.pdf
https://doi.org/10.18637/JSS.V080.I01
https://doi.org/10.18637/JSS.V080.I01
https://doi.org/10.1073/pnas.1323073111
https://doi.org/10.3398/064.082.0112
https://doi.org/10.3398/064.082.0112
https://doi.org/10.1002/ECM.1337
https://doi.org/10.1073/PNAS.1118364109
https://doi.org/10.1073/PNAS.1118364109
https://doi.org/10.1093/AOBPLA/PLAA005
https://doi.org/10.1093/AOBPLA/PLAA005
https://doi.org/10.3390/INSECTS12060493/S1
https://doi.org/10.3390/INSECTS12060493/S1
https://doi.org/10.1002/ECE3.6389
https://doi.org/10.1002/ECE3.6389
https://doi.org/10.1111/2041-210X.13234
https://doi.org/10.1890/0012-9615(2003)073%5B0069:SMFPRT%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2003)073%5B0069:SMFPRT%5D2.0.CO;2
https://doi.org/10.1603/022.038.0327
https://doi.org/10.3732/ajb.1400024
https://doi.org/10.3732/ajb.1400024
https://doi.org/10.1111/ECOG.06050
https://doi.org/10.1111/ECOG.06050
http://science.sciencemag.org/content/296/5573/1689.short
http://science.sciencemag.org/content/296/5573/1689.short
https://doi.org/10.1890/09-0099.1
https://doi.org/10.1890/09-0099.1
https://doi.org/10.1098/rstb.2010.0145
https://doi.org/10.1098/rstb.2010.0145
http://www.evolutionary-ecology.com/abstracts/v05/1383.html
https://doi.org/10.1111/j.1752-4571.2009.00073.x
https://doi.org/10.1111/j.1752-4571.2009.00073.x
https://doi.org/10.1111/j.1365-2435.2006.01228.x
https://doi.org/10.1111/j.1365-2435.2006.01228.x


   |  2267Journal of EcologRIVEST ET AL. y

Gathmann, A., & Tscharntke, T. (2002). Foraging ranges of solitary 

bees. Journal of Animal Ecology, 71(5),  757– 764. ht t ps://d oi .

org/10.1046/j.1365- 2656.2002.00641.x

Gelman, A., & Rubin, D. B. (1992). Inference from iterative simulation 

using multiple sequences. Statistical Science, 7(4),  457– 472. ht t ps://

doi.org/10.1214/SS/11770 11136

Godineau, C., Ronce, O., & Devaux, C. (2021). Assortative mating can 

help adaptation of flowering time to a changing climate: Insights 

from a polygenic model. Journal of Evolutionary Biology, 35(4), 491– 

508. https://doi.org/10.1111/JEB.13786

Heard, M. J., Riskin, S. H., & Flight, P. A. (2012). Identifying potential 

evolutionary consequences of climate- driven phenological shifts. 

Evolutionary Ecology, 26(3),  465– 473. https://doi.org/10.1007/

s1068 2- 011- 9503- 9

Hendry, A. P., & Day, T. (2005). Population structure attributable to 

reproductive time: Isolation by time and adaptation by time. 

Molecular Ecology, 14(4),  901– 916. https://doi.org/10.1111/J.1365- 

294X. 2005.02480.X

Holt, R. D., & Gomulkiewicz, R. (1997). How does immigration influ-

ence local adaptation? A reexamination of a familiar paradigm. The 

American Naturalist, 149(3),  563– 572. https://doi.org/10.1086/ 

286005

Iler, A. M., CaraDonna, P. J., Forrest, J. R. K., & Post, E. (2021). Demographic 

consequences of phenological shifts in response to climate change. 

Annual Review of Ecology, Evolution, and Systematics, 52(1),  221– 245. 

https://doi.org/10.1146/ANNUR EV- ECOLS YS- 01192 1- 032939

Iler, A. M., Humphrey, P. T., Ogilvie, J. E., & CaraDonna, P. J. (2021). 

Conceptual and practical issues limit the utility of statistical esti-

mators of phenological events. Ecosphere, 12(11), e03828. ht t ps://

doi.org/10.1002/ECS2.3828

Iler, A. M., Inouye, D. W., Schmidt, N. M., & Høye, T. T. (2017). Detrending 

phenological time series improves climate– phenology analyses and 

reveals evidence of plasticity. Ecology, 98(3),  647– 655. ht t ps://d oi .

org/10.1002/ECY.1690

Inouye, B. D., Ehrlén, J., & Underwood, N. (2019). Phenology as a pro-

cess rather than an event: From individual reaction norms to com-

munity metrics. Ecological Monographs, 89(2), e01352. ht t ps://d oi .

org/10.1002/ECM.1352

Inouye, D. W. (2008). Effects of climate change on phenology, frost dam-

age, and floral abundance of montane wildflowers. Ecology, 89(2), 

353– 362. https://doi.org/10.1890/06- 2128.1

Inouye, D. W., Barr, B., Armitage, K. B., & Inouye, B. D. (2000). Climate 

change is affecting altitudinal migrants and hibernating spe-

cies. Proceedings of the National Academy of Sciences of the United 

States of America, 97(4),  1630– 1633. https://doi.org/10.1073/

PNA S .97.4.16 3 0

Inouye, D. W., Morales, M. A., & Dodge, G. J. (2002). Variation in tim-

ing and abundance of flowering by Delphinium barbeyi Huth 

(Ranunculaceae): The roles of snowpack, frost, and La Niña, in the 

context of climate change. Oecologia, 130(4),  543– 550. doi:10.1007/

S00442- 001- 0835- Y

Ison, J. L., & Wagenius, S. (2014). Both flowering time and distance to 

conspecific plants affect reproduction in Echinacea angustifolia, 

a common prairie perennial. Journal of Ecology, 102(4),  920– 929. 

https://doi.org/10.1111/1365- 2745.12262

Ison, J. L., Wagenius, S., Reitz, D., & Ashley, M. V. (2014). Mating be-

tween Echinacea angustifolia (Asteraceae) individuals increases 

with their flowering synchrony and spatial proximity. American 

Journal of Botany, 101(1),  180– 189. https://doi.org/10.3732/

ajb.1300065

Jackson, M. T. (1966). Effects of microclimate on spring flowering 

phenology. Ecology, 47(3),  407– 415. https://doi.org/10.2307/ 

1932980

Jin, Y., & Qian, H. (2019). V.PhyloMaker: An R package that can generate 

very large phylogenies for vascular plants. Ecography, 42(8), 1353– 

1359. https://doi.org/10.1111/ECOG.04434

Kitamoto, N., Ueno, S., Takenaka, A., Tsumura, Y., Washitani, I., & 

Ohsawa, R. (2006). Effect of flowering phenology on pollen flow 

distance and the consequences for spatial genetic structure within 

a population of Primula sieboldii (Primulaceae). American Journal of 

Botany, 93(2),  226– 233. https://doi.org/10.3732/AJB.93.2.226

Koenig, W. D., Knops, J. M. H., Carmen, W. J., & Pearse, I. S. (2015). What 

drives masting? The phenological synchrony hypothesis. Ecology, 

96(1),  184– 192. https://doi.org/10.1890/14- 0819.1

Matter, P., Kettle, C. J., Ghazoul, J., & Pluess, A. R. (2013). Extensive 

contemporary pollen- mediated gene flow in two herb species, 

Ranunculus bulbosus and Trifolium montanum, along an altitudinal 

gradient in a meadow landscape. Annals of Botany, 111(4),  611– 621. 

https://doi.org/10.1093/aob/mct021

Menzel, A., Estrella, N., & Fabian, P. (2008). Spatial and temporal vari-

ability of the phenological seasons in Germany from 1951 to 1996. 

Global Change Biology, 7(6),  657– 666. https://doi.org/10.1111/ 

j.1365- 2486.2001.00430.x

Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R., Alm- 

Kübler, K., Bissolli, P., Braslavská, O., Briede, A., Chmielewski, 

F. M., Crepinsek, Z., Curnel, Y., Dahl, Å., Defila, C., Donnelly, A., 

Filella, Y., Jatczak, K., Måge, F., … Zust, A. (2006). European phe-

nological response to climate change matches the warming 

pattern. Global Change Biology, 12(10),  1969– 1976. ht t ps://d oi .

org/10.1111/j.1365- 2486.2006.01193.x

Miller- Rushing, A. J., Høye, T. T., Inouye, D. W., & Post, E. (2010). The 

effects of phenological mismatches on demography. Philosophical 

Transactions of the Royal Society of London. Series B: Biological 

Sciences, 365(1555),  3177– 3186. https://doi.org/10.1098/rstb. 

2010. 0148

Miller- Rushing, A. J., & Inouye, D. W. (2009). Variation in the impact of 

climate change on flowering phenology and abundance: An exam-

ination of two pairs of closely related wildflower species. American 

Journal of Botany, 96(10),  1821– 1829. https://doi.org/10.3732/

AJB.0800411

Miller- Rushing, A. J., Katsuki, T., Primack, R. B., Ishii, Y., Lee, S. D., & 

Higuchi, H. (2007). Impact of global warming on a group of related 

species and their hybrids: Cherry tree (Rosaceae) flowering at Mt. 

Takao, Japan. American Journal of Botany, 94(9),  1470– 1478. ht t ps://

doi.org/10.3732/ajb.94.9.1470

Munguía- Rosas, M. A., Ollerton, J., Parra- Tabla, V., & De- Nova, J. A. (2011). 

Meta- analysis of phenotypic selection on flowering phenology sug-

gests that early flowering plants are favoured. Ecology Letters, 14(5), 

511– 521. https://doi.org/10.1111/J.1461- 0248.2011.01601.X

Nussey, D. H., Postma, E., Gienapp, P., & Visser, M. E. (2005). Selection 

on heritable phenotypic plasticity in a wild bird population. Science, 

310(5746),  304– 306. https://doi.org/10.1126/scien ce.1117004

Ogilvie, J. E., & Thomson, J. D. (2016). Site fidelity by bees drives polli-

nation facilitation in sequentially blooming plant species. Ecology, 

97(6),  1442– 1451. https://doi.org/10.1890/15- 0903.1

Park, D. S., Breckheimer, I., Williams, A. C., Law, E., Ellison, A. M., & 

Davis, C. C. (2019). Herbarium specimens reveal substantial and 

unexpected variation in phenological sensitivity across the east-

ern United States. Philosophical Transactions of the Royal Society of 

London. Series B: Biological Sciences, 374(1763), 20170394. ht t ps://

doi.org/10.1098/RSTB.2017.0394

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-

mate change impacts across natural systems. Nature, 421(6918), 

37– 42. https://doi.org/10.1038/natur e01286

Pau, S., Wolkovich, E. M., Cook, B. I., Davies, T. J., Kraft, N. J. B., 

Bolmgren, K., Betancourt, J. L., & Cleland, E. E. (2011). Predicting 

phenology by integrating ecology, evolution and climate sci-

ence. Global Change Biology, 17(12),  3633– 3643. ht t ps://d oi .

org/10.1111/j.1365- 2486.2011.02515.x

Peters, M. A. E., & Weis, A. E. (2019). Isolation by phenology synergizes 

isolation by distance across a continuous landscape. New Phytologist, 

224(3),  1215– 1228. 

 13652745, 2023, 10, 
Do
wnloaded fro

m https://besjournals.onlinelibrary.
wiley.co

m/doi/10.1111/1365-2745.14175, 
Wile
y 
O
nli
ne 
Li
brar
y 
o
n [
0
4/
1
0/
2
0
2
3]. 
See t
he 
Ter
ms a
n
d 
C
o
n
diti
o
ns (
htt
ps://
o
nli
neli
brar
y.
wile
y.c
o
m/ter

ms-a
n
d-c
o
n
ditions) on 

Wiley 
Online 

Library for rules of use; 
O
A articles are governed by the applicable 

Creative 
Co
m
mons 

License

https://doi.org/10.1111/NPH.16041

https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1214/SS/1177011136
https://doi.org/10.1214/SS/1177011136
https://doi.org/10.1111/JEB.13786
https://doi.org/10.1007/s10682-011-9503-9
https://doi.org/10.1007/s10682-011-9503-9
https://doi.org/10.1111/J.1365-294X.2005.02480.X
https://doi.org/10.1111/J.1365-294X.2005.02480.X
https://doi.org/10.1086/286005
https://doi.org/10.1086/286005
https://doi.org/10.1146/ANNUREV-ECOLSYS-011921-032939
https://doi.org/10.1002/ECS2.3828
https://doi.org/10.1002/ECS2.3828
https://doi.org/10.1002/ECY.1690
https://doi.org/10.1002/ECY.1690
https://doi.org/10.1002/ECM.1352
https://doi.org/10.1002/ECM.1352
https://doi.org/10.1890/06-2128.1
https://doi.org/10.1073/PNAS.97.4.1630
https://doi.org/10.1073/PNAS.97.4.1630
https://doi.org//10.1007/S00442-001-0835-Y
https://doi.org//10.1007/S00442-001-0835-Y
https://doi.org/10.1111/1365-2745.12262
https://doi.org/10.3732/ajb.1300065
https://doi.org/10.3732/ajb.1300065
https://doi.org/10.2307/1932980
https://doi.org/10.2307/1932980
https://doi.org/10.1111/ECOG.04434
https://doi.org/10.3732/AJB.93.2.226
https://doi.org/10.1890/14-0819.1
https://doi.org/10.1093/aob/mct021
https://doi.org/10.1111/j.1365-2486.2001.00430.x
https://doi.org/10.1111/j.1365-2486.2001.00430.x
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1098/rstb.2010.0148
https://doi.org/10.1098/rstb.2010.0148
https://doi.org/10.3732/AJB.0800411
https://doi.org/10.3732/AJB.0800411
https://doi.org/10.3732/ajb.94.9.1470
https://doi.org/10.3732/ajb.94.9.1470
https://doi.org/10.1111/J.1461-0248.2011.01601.X
https://doi.org/10.1126/science.1117004
https://doi.org/10.1890/15-0903.1
https://doi.org/10.1098/RSTB.2017.0394
https://doi.org/10.1098/RSTB.2017.0394
https://doi.org/10.1038/nature01286
https://doi.org/10.1111/j.1365-2486.2011.02515.x
https://doi.org/10.1111/j.1365-2486.2011.02515.x
https://doi.org/10.1111/NPH.16041


2268 |   Journal of Ecolog RIVEST ET AL.y

Prather, R. M., Dalton, R. M., Barr, B., Blumstein, D. T., Boggs, C. L., 

Brody, A. K., Inouye, D. W., Irwin, R. E., Martin, J. G. A., Smith, R. 

J., Van Vuren, D. H., Wells, C. P., Whiteman, H. H., Inouye, B. D., 

& Underwood, N. (2023). Current and lagged climate affects phe-

nology across diverse taxonomic groups. Proceedings of the Royal 

Society B: Biological Sciences, 290(1990), 20222181. ht t ps://d oi .

org/10.1098/RSPB.2022.2181

Prevéy, J., Vellend, M., Rüger, N., Hollister, R. D., Bjorkman, A. D., Myers- 

Smith, I. H., Elmendorf, S. C., Clark, K., Cooper, E. J., Elberling, 

B., Fosaa, A. M., Henry, G. H. R., Høye, T. T., Jónsdóttir, I. S., 

Klanderud, K., Lévesque, E., Mauritz, M., Molau, U., Natali, S. M., …  

Rixen, C. (2017). Greater temperature sensitivity of plant phenol-

ogy at colder sites: Implications for convergence across northern 

latitudes. Global Change Biology, 23(7),  2660– 2671. ht t ps://d oi .

org/10.1111/gcb.13619

Primack, R. B., Ibáñez, I., Higuchi, H., Lee, S. D., Miller- Rushing,  

A. J., Wilson, A. M., & Silander, J. A. (2009). Spatial and interspe-

cific variability in phenological responses to warming tempera-

tures. Biological Conservation, 142(11),  2569– 2577. ht t ps://d oi .

org/10.1016/J.BIOCON.2009.06.003

Rader, R., Edwards, W., Westcott, D. A., Cunningham, S. A., & Howlett,  

B. G. (2011). Pollen transport differs among bees and flies in a 

human- modified  landscape. Diversity and Distributions, 17(3),  

519– 529. https://doi.org/10.1111/J.1472- 4642.2011.00757.X

Rafferty, N. E., Diez, J. M., & Bertelsen, C. D. (2020). Changing climate 

drives divergent and nonlinear shifts in flowering phenology across 

elevations. Current Biology, 30(3),  432.e3– 441.e3. ht t ps://d oi .

org/10.1016/j.cub.2019.11.071

Rivest, S., Inouye, B., & Forrest, R. K. J. (2023). Data from: Warmer 

springs increase potential for temporal reproductive isolation 

among habitat patches in subalpine flowering plants. Dryad Digital 

Repository. https://doi.org/10.5061/dryad.dz08k ps38

Rivest, S., Lajoie, G., Watts, D. A., & Vellend, M. (2021). Earlier spring 

reduces potential for gene flow via reduced flowering synchrony 

across an elevational gradient. American Journal of Botany, 108(3), 

538– 545. https://doi.org/10.1002/AJB2.1627

Rosser, N. L. (2016). Demographic history and asynchronous spawning 

shape genetic differentiation among populations of the hard coral 

Acropora tenuis in Western Australia. Molecular Phylogenetics and 

Evolution, 98,  89– 96. https://doi.org/10.1016/J.YMPEV.2016. 

02.004

Russell, K. A., & McFrederick, Q. S. (2022). Elevated temperature may af-

fect nectar microbes, nectar sugars, and bumble bee foraging pref-

erence. Microbial Ecology, 84(2),  473– 482. https://doi.org/10.1007/

s0024 8- 021- 01881 - x

Schuster, W. S., Alles, D. L., & Mitton, J. B. (1989). Gene flow in limber 

pine: Evidence from pollination phenology and genetic differentia-

tion along an elevational transect. American Journal of Botany, 76(9), 

1395– 1403. https://doi.org/10.1002/J.1537- 2197.1989.TB151 18.X

Schuster, W. S. F., & Mitton, J. B. (2000). Paternity and gene dispersal in 

limber pine (Pinus flexilis James). Heredity, 84(3),  348– 361. ht t ps://

doi.org/10.1046/j.1365- 2540.2000.00684.x

Stemkovski, M., Dickson, R. G., Griffin, S. R., Inouye, B. D., Inouye, D. W., 

Pardee, G. L., Underwood, N., & Irwin, R. E. (2022). Skewness in bee 

and flower phenological distributions. Ecology, 104, e3890. ht t ps://

doi.org/10.1002/ECY.3890

Theobald, E. J., Breckheimer, I., & HilleRisLambers, J. (2017). Climate 

drives phenological reassembly of a mountain wildflower meadow 

community. Ecology, 98(11),  2799– 2812. https://doi.org/10.1002/

ECY.1996

Vehtari, A., Gelman, A., & Gabry, J. (2016). Practical Bayesian model eval-

uation using leave- one- out cross- validation and WAIC. Statistics 

and Computing, 27(5),  1413– 1432. https://doi.org/10.1007/S1122 

2- 016- 9696- 4

Visser, M. E., & Gienapp, P. (2019). Evolutionary and demographic con-

sequences of phenological mismatches. Nature Ecology & Evolution, 

3(6),  879– 885. https://doi.org/10.1038/s4155 9- 019- 0880- 8

Wadgymar, S. M., Cumming, M. N., & Weis, A. E. (2015). The success 

of assisted colonization and assisted gene flow depends on phe-

nology. Global Change Biology, 21(10),  3786– 3799. ht t ps://d oi .

org/10.1111/GCB.12988

Wang, H., Ge, Q., Dai, J., & Tao, Z. (2015). Geographical pattern in first 

bloom variability and its relation to temperature sensitivity in the 

USA and China. International Journal of Biometeorology, 59(8), 961– 

969. https://doi.org/10.1007/s0048 4- 014- 0909- 2

Waser, N. M., & Price, M. V. (1991). Outcrossing distance effects in 

Delphinium nelsonii: Pollen loads, pollen tubes, and seed set. Ecology, 

72(1),  171– 179. https://doi.org/10.2307/1938912

Weis, A. E., Nardone, E., & Fox, G. A. (2014). The strength of assorta-

tive mating for flowering date and its basis in individual variation 

in flowering schedule. Journal of Evolutionary Biology, 27(10), 2138– 

2151. https://doi.org/10.1111/JEB.12465

Weis, A. E., Winterer, J., Vacher, C., Kossler, T. M., Young, C. A., & 

LeBuhn, G. L. (2005). Phenological assortative mating in flowering 

plants: The nature and consequences of its frequency dependence. 

Evolutionary Ecology Research, 7(2),  161– 181.

Wessinger, C. A. (2021). From pollen dispersal to plant diversification: 

Genetic consequences of pollination mode. New Phytologist, 229(6), 

3125– 3132. https://doi.org/10.1111/NPH.17073

Yamagishi, H., Allison, T. D., & Ohara, M. (2005). Effect of snowmelt tim-

ing on the genetic structure of an Erythronium grandiflorum popula-

tion in an alpine environment. Ecological Research, 20(2),  199– 204. 

https://doi.org/10.1007/s1128 4- 004- 0032- 7

Zettlemoyer, M. A., & Peterson, M. L. (2021). Does phenological plas-

ticity help or hinder range shifts under climate change? Frontiers 

in Ecology and Evolution, 9, 689192. https://doi.org/10.3389/

fevo.2021.689192

Zohner, C. M., Mo, L., & Renner, S. S. (2018). Global warming reduces 

leaf- out and flowering synchrony among individuals. eLife, 7, 

e40214. https://doi.org/10.7554/eLife.40214

SUPPORTING INFORMATION

Additional supporting information can be found online in the 

Supporting Information section at the end of this article.

Figure  S1. Map of the study site with the 21 monitored plots 
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Table S1. Plant species list and details of the 50 species present in 

the study. ‘Plot occurrence’ represents the number of plots in which 

the species occurred and that were used for the analysis after data 

filtering.

Table  S2. Correlation between the measures of microclimatic 

differences between plots used in the model of the effect of plot 

microclimate and species phenology on flowering overlap.
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