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Abstract

Under global warming, the survival of many populations of sedentary organisms in

seasonal environments will largely depend on their ability to cope with warming

in situ by means of phenotypic plasticity or adaptive evolution. This is particularly

true in high‐latitude environments, where current growing seasons are short, and

expected temperature increases large. In such short‐growing season environments,

the timing of growth and reproduction is critical to survival. Here, we use the

unique setting provided by a natural geothermal soil warming gradient (Hengill

geothermal area, Iceland) to study the response of Cerastium fontanum flowering

phenology to temperature. We hypothesized that trait expression and phenotypic

selection on flowering phenology are related to soil temperature, and tested the

hypothesis that temperature‐driven differences in selection on phenology have

resulted in genetic differentiation using a common garden experiment. In the field,

phenology was related to soil temperature, with plants in warmer microsites flower-

ing earlier than plants at colder microsites. In the common garden, plants responded

to spring warming in a counter‐gradient fashion; plants originating from warmer

microsites flowered relatively later than those originating from colder microsites. A

likely explanation for this pattern is that plants from colder microsites have been

selected to compensate for the shorter growing season by starting development at

lower temperatures. However, in our study we did not find evidence of variation in

phenotypic selection on phenology in relation to temperature, but selection consis-

tently favoured early flowering. Our results show that soil temperature influences

trait expression and suggest the existence of genetically based variation in flowering

phenology leading to counter‐gradient local adaptation along a gradient of soil tem-

peratures. An important implication of our results is that observed phenotypic

responses of phenology to global warming might often be a combination of short‐
term plastic responses and long‐term evolutionary responses, acting in different

directions.
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1 | INTRODUCTION

Climate change is causing significant increases in temperature across

the world, with warming being most pronounced towards Arctic

regions (IPCC, 2014), and with important effects on biodiversity (Bel-

lard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012). Species

responses to global warming (Parmesan, 2006; Parmesan & Yohe,

2003) might involve distributional changes to track appropriate con-

ditions in space (range shifts), or changes in the timing of life cycle

events (phenological shifts) to keep up with seasonally changing abi-

otic factors. Most observations of responses to climate change have

concerned alterations in phenology (Cleland, Chuine, Menzel,

Mooney, & Schwartz, 2007; Ibáñez et al., 2010; Parmesan, 2006),

and such responses should be critical for survival at high latitudes,

where the possibilities for dispersal to colder areas are restricted.

Individuals can change their phenology in response to warming

through phenotypic plasticity (i.e. the ability of a given genotype to

express different phenotypes in different environments, Agrawal,

2001) and populations can respond evolutionary through changes in

their genetic structure (Anderson, Inouye, McKinney, Colautti, &

Mitchell‐Olds, 2012; Franks, Weber, & Aitken, 2014). Observed phe-

notypic responses to warming have often been argued to be mainly

due to phenotypic plasticity (Hoffmann & Sgrò, 2011; Leblans et al.,

2017; Merilä & Hendry, 2014), and only to a smaller extent due to

evolutionary changes (Franks, Sim, & Weis, 2007; Lavergne, Mou-

quet, Thuiller, & Ronce, 2010).

The seasonal timing of life cycle events determines how an

organism interacts with the surrounding environment, and varia-

tion in phenology can have strong effects on survival and repro-

duction. Higher spring temperatures caused by current climate

change have been shown to cause shifts in timing and length of

the growing season, with an earlier start being resposible for

most of these shifts (Linderholm, 2006). Higher temperatures and

the subsequent advancement of the growing season might condi-

tion the timing of life cycle events of an organism in a given

year, leading to phenotypic plasticity in phenology as a conse-

quence of direct effects of climate on physiological and develop-

mental rates. However, variation in climate can also influence

natural selection on timing, and differential selection might lead

to genetic differentiation of populations (Anderson et al., 2012;

Franks et al., 2007; Visser, 2008). Local adaptation through

genetic responses along climatic gradients can be either co‐gradi-
ent, when genetic and environmental influences on a phenotype

act in the same direction, counter‐gradient when they act in

opposite directions, or show no relation with the climatic gradient

(Conover & Schultz, 1995). Counter‐gradient variation would be

expected if growing season length is the only factor influencing

selection on phenology. In this case, cold environments with short

growing seasons (e.g. high latitudes or altitudes) would select for

a higher sensitivity of developmental rates to spring warming,

leading to the evolution of faster developing genotypes in cold

environments than in warm environments. Individuals from cold

environments would thus be able to start development at lower

temperatures than individuals from warm environments when

grown under similar conditions during spring.

The effects of climate warming on plant phenology have usually

been examined empirically, by examining patterns of local adaptation

along latitudinal (Toftegaard et al., 2016) or altitudinal gradients (Frei,

Ghazoul, Matter, Heggli, & Pluess, 2014), or by performing experi-

ments using open‐top chambers or other warming devices (Arft

et al., 1999; Wolkovich et al., 2012). Despite the convenience of lati-

tudinal and altitudinal gradients as natural set‐ups to study species'

responses to climate warming (De Frenne et al., 2013; Körner,

2007), they suffer from the limitation that other environmental fac-

tors often covary with temperature along these gradients. Experi-

mental manipulation of temperatures allows us to dissect

temperature effects from confounding environmental factors that

covary with temperature in natural conditions. However, experi-

ments are usually performed at smaller spatial scales, and are often

associated with unintended disturbances in abiotic or biotic condi-

tions (e.g. light availability, wind speed, soil moisture and biotic inter-

actions) caused by environmental manipulations, that can result in

the underprediction of phenological responses to warming (Wolko-

vich et al., 2012). Moreover, the relatively short duration of most

experiments does not allow the examination of long‐term evolution-

ary responses. Geothermally heated ecosystems (Leblans et al.,

2017; O'Gorman et al., 2014) provide unique “natural laboratories”

for studying long‐term responses to temperature increase, avoiding

many of the limitations of both larger‐scale temperature gradients

and experimental designs. As some of these systems have been

warmed for a long time (e.g. more than 50 years of continuous

warming on Icelandic sub‐arctic grasslands, Leblans et al., 2017;

O'Gorman et al., 2014), they allow the evaluation of the long‐term
effects of warming on plant phenology. Moreover, temperature dif-

ferences in these systems are large (e.g. 0–50°C, O'Gorman et al.,

2014), and occur over small spatial scales, reducing variation in other

environmental factors (Leblans et al., 2017; Richardson, Urban, Bol-

nick, & Skelly, 2014; Robinson, McLaughlin, Marteinsdóttir, & O'Gor-

man, 2018). Combinations of observational studies on natural

geothermal soil warming gradients with common garden experiments

should thus constitute a very powerful approach to assess plastic

and genetic responses of plant phenology to warming.

In this study, we investigated the relationship between small‐scale
variation in geothermal soil warming and phenotypic and genotypic

differences in flowering phenology, using the perennial herb Cerastium

fontanum in sub‐arctic Icelandic grasslands where large differences in

growing season length along natural geothermal soil warming gradi-

ents have been documented (Leblans et al., 2017; Perron, 2017).

Because we expected differences in other environmental factors to be

small, we predicted that growing season length should strongly influ-

ence selection on plant flowering phenology, leading to counter‐gradi-
ent variation (Conover & Schultz, 1995) in genetic responses to

warming. More specifically, we hypothesized that: (a) colder microsites

are associated with a later flowering phenology in the field, (b) natural

selection for early flowering is stronger at colder microsites with

shorter growing seasons, and as a consequence of such differences in
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selection, (c) there are genetically based differences in phenology that

are related to soil temperature at the microsite of origin, and these dif-

ferences are in a counter‐gradient fashion, with plants originating from

colder microsites flowering earlier.

2 | MATERIALS AND METHODS

2.1 | Study system

The study was carried out in the Hengill geothermal area, 40 km

east of Reykjavik, Iceland (64° 3' 11"N, 21° 18' 16"W; 360 m a.s.l.).

This area is located at the base of the Hengill volcanic system, near

to the Hrómundartindur and Hveragerði volcanic systems, where the

Reykjanes Volcanic Zone, the West Volcanic Zone and the South

Iceland Seismic Zone converge (Saemundsson, 1992; Zakharova &

Spichak, 2012). The underlying bedrock of the study site contains

geothermal channels originating from high volcanic activity common

at tectonic boundaries (Zakharova & Spichak, 2012). These channels

warm the water and soil through radiative heating (Gudmundsdottir

et al., 2011; Saemundsson, 1995). The soil temperatures range from

average ambient to over 20°C above ambient in some areas with lit-

tle to no warming on the air temperature (O'Gorman et al., 2014).

The study area covers approximately 0.5 km2 where the main vege-

tation type consists of unmanaged, but grazed, subarctic grassland.

Grassland ecosystems cover ca. 40% of the global terrestrial surface

(of which 25% is at northern high latitudes, Chapin, Matson, &

Vitousek, 2011), and temperature has been suggested to be an

important driver of grassland phenology (Cleland, Chiariello, Loarie,

Mooney, & Field, 2006; Frei et al., 2014). Apart from soil tempera-

ture, there are no significant changes in other abiotic factors (e.g. soil

chemistry, elevation) in our study area (Robinson et al., 2018). This

system has been heated for over 50 years (probably much longer,

(Saemundsson, 1967), offering a unique natural laboratory for study-

ing the long‐term effects of warming.

For this study, we focused on the effects of warming on flower-

ing phenology of Cerastium fontanum, a short‐lived clonal perennial

herb that flowers in June and July in the study area. It can be cross‐
or self‐pollinated and it shows unspecialized seed dispersal (Fitter &

Peat, 1994; Kristinsson, 1998). We chose this study species because

it occurs over a relatively wide range of temperatures, and because

it can be easily grown from seeds.

2.2 | Data collection

We collected data on soil temperature and flowering phenology in

2015 (100 plants over an area of 0.25 km2) and 2017 (420 plants

over an area of 0.5 m2). In each of these two years, plant individuals

were marked before the start of flowering and followed throughout

the entire season. The marked plants were different in 2015 and

2017. Soil temperature was measured once in the immediate vicinity

(<2 cm) of each of the plants with a soil thermometer. Temperature

was measured at a depth of 10 cm, i.e. at the level of the plant

roots, which is little affected by air temperature. Therefore, these

temperature measurements reflect long‐term differences in soil tem-

perature, and are not influenced by weather during the day of mea-

surement. Measures of plant phenology differed among the two

study years. In 2015, flowering phenology was estimated based on

the reproductive development at the day of recording (between June

30 and July 3), and coded as a binomial variable, being 1 in plants

that had no open flowers, and 0 in plants that had at least 1 flower

open on that day. All plants that had no open flowers had buds in

different stages of development and none of them had wilted flow-

ers, meaning that all plants that had no open flowers at the day of

recording would flower later in the season. In 2017, plant reproduc-

tive development was followed on a weekly basis from the begin-

ning of June, and first flowering date (FFD, the date when the first

open flower was observed) was used as an estimate of flowering

phenology. In both years, higher values of the phenology variable

represent a later flowering phenology. In 2017, the numbers of flow-

ers and fruits per plant were also counted, and a sample of 1–8
fruits was collected. The number of seeds in these fruits was

counted afterwards in the lab, and the number of seeds per plant

was calculated by multiplying the number of fruits per plant by the

mean number of seeds per fruit.

To extract seeds for sowing, we collected up to three fruits from

each marked plant in 2015. The seeds were sown in the greenhouse

in January 2016, and plants were transferred to a common garden at

Stockholm University (mean annual air temperature = 8°C for 2017)

in June 2016. None of the plants flowered in 2016. In 2017, repro-

ductive development of these plants in the common garden was fol-

lowed on a regular basis from the beginning of May until the last

flower was open (the presence or absence of flowers was recorded

on May 18th, 21st, 24th and 28th, and on June 2nd, 9th, 16th and

18th). FFD (converted to Julian date) was used as an estimate of

flowering phenology. A total of 540 plants corresponding to 98

maternal families survived and flowered in the common garden in

2017, and the number of flowering offspring per mother plant (i.e.

plant flowering in the field from which seeds were collected) ranged

from 1 to 10 plants (mean ± SD = 5.5 ± 2.7).

2.3 | Statistical analyses

To assess if local soil temperature is associated with an earlier phe-

nology in the field, we fitted generalized linear models of flowering

phenology against soil temperature in both study years. We used a

binomial model for 2015 (as phenology was measured as a binomial

response variable, non‐flowering vs. flowering at the time of record-

ing) and a linear model for 2017 (as FFD showed an approximately

normal distribution).

To test if phenotypic selection on flowering phenology depended

on soil temperature, we performed a linear selection gradient analy-

sis (Lande & Arnold, 1983) with the data from 2017. Fitness, in

terms of the number of seeds per plant, was used as the response

variable, and phenology, flower number, soil temperature and the

interaction phenology × soil temperature were included as fixed pre-

dictors. Flower number was included as a condition trait, i.e. a trait
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which is likely to be correlated with plant resource state, in order to

get better estimates of selection on phenology, and to reduce the

bias caused by environmental covariance (Rausher, 1992). Fitness

was relativized by dividing each value by the mean, and phenology

and flower number were standardized by subtracting their mean and

dividing by their standard deviation. We also run the same model

without the interaction term in order to assess the overall direction

of selection on phenology.

To assess if phenology in a common environment differs among

maternal families, and is related to soil temperature at the microsite

of origin of the mother plant, we first tested if flowering phenology

in the common garden in 2017 differed among plants with different

mothers. For this, we fitted a linear mixed model with phenology in

the common garden (FFD converted to Julian date) as the response

variable and mother as random effect. As we found significant differ-

ences in phenology among plants with different mothers (see Sec-

tion 3), we then evaluated if these differences were related to soil

temperature at the origin of the mother plant by fitting another lin-

ear mixed model with phenology in the common garden as the

response, soil temperature at the origin as a fixed effect, and mother

as random effect. In each case, we tested the significance of the ran-

dom effect using a likelihood ratio test, comparing a model with the

random effect to the same model without the random effect.

Statistical analyses were carried out in R ver. 3.5.0 (R Core Team,

2018).

3 | RESULTS

Soil temperature ranged from 6.8 to 33.7°C in 2015, with a mean

value of 18.2°C, and from 4.1 to 45.5°C in 2017, with a mean value

of 14.4°C. Soil temperature showed a large variation within short

distances; soil temperatures of plants located 1 m apart sometimes

differed by 10°C, and plants located 10 m apart differed with up to

25°C.

Higher soil temperature was associated with an earlier phenology

in both study years, although temperature explained only a relatively

small part of the variability in phenology (Table 1). In 2015, the

probability of not having flowered at the day of recording decreased

with soil temperature (Figure 1a), and in 2017, FFD was earlier with

higher soil temperatures (Figure 1b).

The relationship between plant phenology and fitness did not

depend on soil temperature (the effect of the interaction phenol-

ogy × soil temperature was not significant, Table 2a, Figure 2b).

When the interaction was removed from the model, fitness

increased with an earlier flowering (Table 2b, Figure 2a).

Phenology in the common garden differed among plants with

different mothers (Table 3a), and these differences were related to

soil temperature at the microsite of origin of the mother plant

(Table 3b). As hypothesized, differences in phenology followed a

counter‐gradient pattern; plants with mothers from colder microsites

flowered earlier than plants with mothers from warmer microsites

(Figure 3).

4 | DISCUSSION

In this study, geothermally induced small‐scale variation in soil tem-

peratures was related to both phenotypic and genotypic variation in

flowering phenology of the grassland plant Cerastium fontanum.

Plants at warmer microsites flowered relatively earlier than plants at

colder microsites. In contrast, plants grown in a common environ-

ment responded to spring warming following a counter‐gradient pat-
tern: plants originating from warmer microsites flowered later than

those originating from colder microsites. Yet, we were not able to

document the corresponding pattern of phenotypic selection on phe-

nology (i.e. stronger selection for early flowering at colder microsites)

along the temperature gradient in one study year. From a method-

ological perspective, our study highlights the suitability of geother-

mal systems for studying ecological and evolutionary responses to

global warming.

TABLE 1 Results of generalized linear models assessing the
effects of soil temperature on Cerastium fontanum flowering
phenology, measured as the probability of not having flowered at
the day of recording in 2015 (binomial model) and as the first
flowering date (converted to Julian date) in 2017 (linear model)

Year N Estimate SE z/t p R2

2015 96 −0.111 0.036 −3.11 0.002 0.022

2017 300 −0.189 0.068 −2.80 0.006 0.153

F IGURE 1 Effect of soil temperature
on flowering phenology of Cerastium
fontanum, measured as (a) the probability
of not having flowered at the day of
recording in 2015 and (b) the first
flowering date (FFD) converted to Julian
date in 2017. In both cases, higher values
representing a later flowering phenology.
Lines show a binomial model fit in (a), and
a linear model fit in (b)
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Our results show a plastic response of C. fontanum flowering

phenology to natural differences in local soil temperature, with ear-

lier flowering being associated with warmer microsites in two differ-

ent years. The start of flowering in plants has been reported to

advance with increasing temperatures along natural temperature gra-

dients or in response to experimental manipulations (De Frenne

et al., 2011; Menzel, Sparks, Estrella, & Roy, 2006; Price & Waser,

1998), and this study highlights that responses to temperature differ-

ences also happen over small spatial scales. Previous studies have

suggested that the response of flowering time to temperature is

mainly due to phenotypic plasticity, which is controlled by plant

physiology, and thus can be relatively rapid (De Frenne et al., 2011;

Frei et al., 2014). The earlier flowering phenology at warmer micro-

sites along the temperature gradient observed in this study is in

agreement with a reported advancement in the start of the growing

season in response to warming at a nearby site (Leblans et al.,

2017). Previous studies with northern plant species have shown that

the physiological control mechanisms of the start of the growing

season are to a larger extent driven by heat accumulation (e.g.

Growing Degree Days), than by light regime (Bennie, Kubin, Wilt-

shire, Huntley, & Baxter, 2010). Changes in the persistence of snow

cover are also an important driver of flowering time in high latitude

and high altitude ecosystems (Inouye & McGuire, 1991). Therefore,

the earlier flowering of C. fontanum in warmer microsites could be

induced both by higher heat accumulation and earlier snowmelt in

these microsites.

Our results not only provide evidence of phenotypic responses

to temperature variation, but also suggest the existence of an evolu-

tionary response to geothermal soil warming. Flowering phenology

in a common environment differed among plants with different

mothers, and this variation was related to soil temperature at the

microsite of origin of the mother plant, suggesting the existence of

genetic differentiation in flowering time related to temperature vari-

ation. Because we used seeds collected from plants grown in the

field, some of the observed variation in flowering phenology in the

common garden might potentially be due to non‐genetic maternal

effects (Galloway, 2005; Rossiter, 1996), rather than due to additive

genetic variation. The maternal environment may influence the phe-

notype of the offspring directly, through seed provisioning or

through plasticity of traits in the maternal plant that influence off-

spring trait expression (Galloway, 2005). The plants used in our com-

mon garden study were grown for two years in a common

environment before recording their flowering phenology, which

should have decreased, although not eliminated, maternal effects.

Moreover, maternal effects are usually most pronounced in early

life‐history stages (Rossiter, 1996), and thus probably not highly

affecting our results. A third reason why maternal effects appear to

be less likely to qualitatively have influenced our findings, is that the

relationship between temperature at the microsite of origin and

flowering phenology in the common garden was in the opposite

direction to the pattern observed in the field.

In the common garden, plants originating from environments

with longer growing seasons (i.e. warmer microsites) started flower-

ing relatively later than plants originating from environments with

shorter growing seasons (i.e. colder microsites). This is in contrast

with the pattern in the field, where plants at warmer microsites

flowered relatively earlier than plants at colder microsites. These

TABLE 2 (a) Results of a selection gradient analysis assessing the
effects of flowering phenology (first flowering date) and flower
number of Cerastium fontanum, as well as soil temperature and the
interaction phenology × soil temperature on plant fitness in 2017
(N = 193 plants where both traits and fitness data was available, AIC
=770.6). (b) Results of a similar selection gradient analysis without
the interaction term (AIC =769.2). Fitness was estimated by the
number of seeds per plant and relativized before analyses.
Phenology and number of flowers were standardized before analyses

Estimate SE t p

(a) Model with interaction phenology × soil temperature

Phenology −0.423 0.275 −1.54 0.126

Number of flowers −0.160 0.135 −1.18 0.239

Soil temperature −0.041 0.020 −2.11 0.036

Phenology:Soil temperature −0.014 0.018 −0.76 0.446

(b) Model without interaction phenology × soil temperature

Phenology −0.603 0.143 −4.23 <0.001

Number of flowers −0.171 0.134 −1.27 0.205

Soil temperature −0.037 0.019 −1.98 0.049

F IGURE 2 Effect of standardized first
flowering date (FFD) on relative fitness of
Cerastium fontanum, measured as the
relative number of seeds per plant. (a)
Linear model fit for the overall relationship.
(b) Linear model fits for different soil
temperatures, from cold (light color) to
warm (dark color) microsites. Note the
different scales on the y axes in (a) and (b)
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different responses have two important implications. First, they sug-

gest that the effect of temperature on phenology in the field is lar-

gely plastic. Second, the observed pattern constitutes an example of

counter‐gradient variation in local adaptation occurring over a very

small spatial scale (Conover & Schultz, 1995). The results of our

common garden study agree with results obtained over larger‐scale
temperature gradients. For example, plants originating from northern

populations usually flower before plants from southern populations

when grown in a common environment (Kollmann & Bañuelos,

2004; Olsson & Ågren, 2002). In cold environments, a later start and

a shorter duration of the growing season constrains the period avail-

able for growth and fruit maturation, and should select for fast

development and early flowering, and result in plants evolving to

start development at lower temperatures. The existence of geneti-

cally determined variation in flowering phenology over small spatial

scales in our study contributes to the increasing evidence of the

importance of microgeographic adaptation (Richardson et al., 2014;

Skelly, 2004). For local adaptation to occur, the strength of selection

has to exceed the homogenizing effect of gene flow (García‐Ramos

& Kirkpatrick, 1997). Cerastium fontanum reproduces with cross‐polli-
nation or selfing. In our study site selfing is likely very common as it

has been demonstrated that selfing rates increase with latitude and

altitude (Bliss, 1962; Medan et al., 2002). Moreover, phenological

assortative mating can promote local adaptation because the differ-

ences in flowering time might lead to partial temporal reproductive

barriers, which should reduce gene flow (Soularue & Kremer, 2014;

Weis, 2015; Weis & Kossler, 2004). In addition to pollen dispersal,

gene flow is likely to occur through seed dispersal. However, seeds

of C. fontanum lack mechanisms for dispersal and are likely to mostly

be dispersed over relatively short distances (Fitter & Peat, 1994;

Kristinsson, 1998). Taken together, gene flow through pollen and

seed dispersal in the studied population appears to be limited and

not strong enough to counteract selection and prevent the evolu-

tionary divergence of plants in cold and warm microsites. Genetic

differentiation at such small spatial scales might allow to buffer spe-

cies against future climatic changes. For instance, plants exposed to

locally warm temperatures might supply the adaptive alleles that pro-

mote more widespread adaptation to warming temperatures

(Richardson et al., 2014), allowing species to persist under future cli-

matic conditions.

Although the results of our common garden experiment suggest

the existence of an evolutionary response to geothermal soil warm-

ing which should be the consequence of differences in phenotypic

selection among cold and warm microsites, we found no evidence of

such variation in selection. Contrary to our expectation of natural

selection for early flowering being stronger in colder microsites,

selection favored early flowering irrespective of soil temperature. On

the one hand, the strenght and direction of phenotypic selection in

natural populations has been shown to vary temporally (Siepielski,

DiBattista, & Carlson, 2009), and the conditions favouring stronger

selection for early flowering in colder microsites might be present in

some years, but absent in others. For example, in years with very

cold springs or late spring frosts, where cold temperatures and frost

damage could prevent pollination and fruit set in early flowering

plants (Inouye, 2000), selection for early flowering in colder micro-

sites might be weaker than it would be in years with average spring

conditions. On the other hand, our results agree with previous work

showing the persistence of phenotypic selection for early flowering

in natural populations (Austen, Rowe, Stinchcombe, & Forrest, 2017;

Munguía‐Rosas, Ollerton, Parra‐Tabla, & De‐Nova, 2011). One rea-

son for this might be that both early flowering and fitness are influ-

enced by the environment, i.e. environmental covariance (Ehrlén,

2015; Stinchcombe et al., 2002). Individuals growing at the most

TABLE 3 Results of linear mixed models on flowering phenology (first flowering date) in the common garden, including effects of (a) mother
(random effect), and (b) mother (random effect) and soil temperature at the origin of the mother (fixed effect). The significance of the random
effects was tested using a likelihood ratio test (LRT), comparing a model with the random effects to the same model without the random
effects. R2marg and R2cond are the marginal and conditional pseudo‐R2 (representing, respectively, the variance explained by the fixed effects
and by the entire model, Nakagawa & Schielzeth, 2013)

Model Predictor variable LRT χ2 p AIC R2
marg R2cond

(a) Mother (random) 65.54 <0.001 3516.9 0 0.303

(b) Mother (random) 25.69 <0.001 3479.5 0.151 0.298

Estimate SE t

Soil temperature at origin (fixed) 0.401 0.055 7.24 <0.001

F IGURE 3 Effect of soil temperature at the origin of the mother
plant on flowering phenology of Cerastium fontanum in the common
garden in 2017. Phenology was measured as the first flowering date
(FFD) converted to Julian date, with higher values representing a
later flowering phenology. A linear model fit is shown
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favourable microsites may have more resources, and therefore, are

able to both flower earlier and to produce more seeds.

An important implication of the results of our study is that plants

are likely to respond to higher temperatures not only plastically, but

also genetically, and that observed responses will often be a combi-

nation of short‐term plastic responses and long‐term evolutionary

responses. Moreover, our results suggest that phenotypic and geno-

typic responses to warming might act in different directions. In a glo-

bal warming context, adaptation to climate change may be especially

important for the persistence of flowering plant species in high‐lati-
tude areas because their limited dispersal ability and the proximity

to their range edge may prevent them from shifting their distribution

to more favourable climates. Climate exerts strong selective pressure

on natural populations, and the results of our study highlight that in

order to correctly interpret observed phenotypic responses to past

climate change in seasonal environments, as well as to predict

responses to future climate change, we need to account for the fact

that adaptive evolution and changes in population genetic composi-

tion might be as important as the instantaneous plastic responses.
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