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Abstract 

Evolutionary adaptation can allow a population to persist in the face of a new environmental challenge. With many populations now 

threatened by environmental change, it is important to understand whether this process of evolutionary rescue is feasible under 
natural conditions, yet work on this topic has been largely theoretical. We used unique long-term data to parameterize deterministic 
and stochastic models of the contribution of 1 trait to evolutionary rescue using field estimates for the subalpine plant Ipomopsis 
aggregata and hybrids with its close relative I. tenuituba . In the absence of evolution or plasticity, the 2 studied populations are projected 

to go locally extinct due to earlier snowmelt under climate change, which imposes drought conditions. Phenotypic selection on specific 
leaf area (SLA) was estimated in 12 years and multiple populations. Those data on selection and its environmental sensitivity to 
annual snowmelt timing in the spring were combined with previous data on heritability of the trait, phenotypic plasticity of the trait, 
and the impact of snowmelt timing on mean absolute fitness. Selection favored low values of SLA (thicker leaves). The evolutionary 
response to selection on that single trait was insufficient to allow evolutionary rescue by itself, but in combination with phenotypic 
plasticity it promoted evolutionary rescue in 1 of the 2 populations. The number of years until population size would stop declining 
and begin to rise again was heavily dependent upon stochastic environmental changes in snowmelt timing around the trend line. Our 
study illustrates how field estimates of quantitative genetic parameters can be used to predict the likelihood of evolutionary rescue. 
Although a complete set of parameter estimates are generally unavailable, it may also be possible to predict the general likelihood 

of evolutionary rescue based on published ranges for phenotypic selection and heritability and the extent to which early snowmelt 
impacts fitness. 
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Lay summary: 

Climate change is threatening many populations around the world. A population can avoid extinction by dispersal to more favorable 
locations, but that is not possible for many plants with limited seed dispersal. An alternative is evolutionary change in which changes 
in traits increase fitness and result in rescue of an otherwise endangered population. Some populations of a subalpine herb, scarlet 
gilia, are threatened by increasingly early spring snowmelt due to climate change. Long-term field data on this species generated a 
unique opportunity to examine if evolutionary rescue is likely in a plant population. We estimated the strength of natural selection on 

specific leaf area (leaf thinness) in 12 years and its dependence on the date of snowmelt that year. Combined with previous estimates 
of the heritability of the trait (which affects speed of evolution), the direct response of the trait to date of snowmelt (plasticity) and the 
demographic impact of early snowmelt, models predicted that evolutionary rescue is possible in one of two threatened populations. 
Evolutionary rescue occurred in part because the plastic change to thicker leaves under early snowmelt and drought was adaptive. 
Our work provides one of the first examples to apply evolutionary rescue models to natural populations. 

 

phenotypic plasticity, or both. Whereas examples of the 
first two mechanisms are relatively well known, the third 

mechanism of persisting in the face of climate change 
has been less well documented under natural condi- 
tions ( Parmesan, 2006 ). With rapid environmental changes 
around the world, understanding adaptive responses to 
the changing climate is urgently important, particularly 
for species with limited dispersal ability, such as many 
plants. 
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Introduction 

Climate change is putting many populations at risk of extinction 

( Bellard et al., 2012 ; MacLean & Wilson, 2011 ). At-risk species 
could persist in the face of climate change by (1) dispersal to 
new localities with more favorable environmental conditions, 
(2) altering phenology to match abiotic conditions that change 
temporally, or (3) expressing new trait values that are adaptive 
under the new conditions, through a response to selection,
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Adaptive responses to climate change could result from ge-
etic changes due to evolution in response to the new condi-
ions or to phenotypic plasticity ( Chevin et al., 2013 ). The pro-
ess by which adaptive evolutionary change occurs sufficiently
apidly to counteract a decline in population size under ini-
ially unfavorable conditions has been called evolutionary rescue
 Gomulkiewicz & Holt, 1995 ). Evolutionary rescue has been mod-
led primarily using classical quantitative genetic approaches
 Chevin et al., 2010 ; Chevin et al., 2013 ; Gomulkiewicz & Holt,
995 ; Kopp & Matuszewski, 2014 ), although there is increasing
nterest in incorporating genomics ( Bay et al., 2017 ; Urban et al.,
024 ). The likelihood of evolutionary rescue depends upon the
alance between the speed of evolutionary adaptation and the

nitial maladaptation of the population ( Gomulkiewicz & Holt,
995 ). A population declines initially in size due to the environ-
ental challenge, then alleles or traits adaptive in the new envi-

onment increase in frequency, leading to higher mean absolute
tness and eventually a rebound in population size, if fitness is

ncreased enough before the population goes extinct ( Carlson et
l., 2014 ). 

Evolutionary rescue can occur under greater environmen-
al change when (1) genetic variance in a trait is high, (2)
election on the trait has a high sensitivity to the environ-
ent, and (3) generation time is short ( Chevin et al., 2010 ).

henotypic plasticity, if adaptive, can accelerate the change
n a favored trait, which in turn increases absolute fitness

ore rapidly, and thereby further promote population per-
istence if plasticity is not costly to the organism ( Scheiner
t al., 2019 ). Despite that theoretical understanding, and lab-
ratory demonstrations with microbes ( Bell, 2017 ), we cur-
ently lack much understanding of how often conditions suf-
ce for multicellular organisms in nature ( Gomulkiewicz &
haw, 2013 ; Urban et al., 2024 ), but see Peschel & Shaw

(2024) . 
Here, we use a well-studied plant system to determine how

volution in a single trait influences the likelihood of popula-
ion persistence under climate change. Admittedly, the analy-
is of a single trait under selection does not capture the full ex-
ent of evolutionary rescue, which depends upon the increase in

ean overall fitness in the population ( Peschel & Shaw, 2024 ).
e chose this approach nevertheless because it illustrates how

heoretical models of evolutionary rescue can be applied to real
ystems in which information on the impact of a single trait is
ore typically available. At least three kinds of information are

ecessary: genetic variance, strength and environmental sensi-
ivity of natural selection, and effect of an environmental chal-
enge on mean fitness. All of these are challenging to measure
nder natural conditions, although information on one or two
f them is sometimes available for a given plant species, includ-

ng estimates of selection on functional traits ( Dudley, 1996 ), ge-
etic variation ( Ahrens et al., 2019 ), or change in mean fitness

n a novel environment ( Walter et al., 2023 ). Here, we leverage 12
ears of data on natural selection and plasticity, in combination
ith previously published data, to provide for the first time all

hree kinds of information for natural plant populations. 
We focus on the subalpine plants scarlet gilia, Ipomopsis ag-

regata , and its close congener I. tenuituba (Polemoniaceae), in
he Rocky Mountains, Colorado, USA. In the western USA in-
luding Colorado, there is already a 10%–20% loss in water con-
ained in the snowpack since the 1980s, with a further loss of 60%
rojected over the next 30 years ( Fyfe et al., 2017 ), and this re-
uced snowpack has caused shifts toward earlier melting in the
pring ( Clow, 2010 ). In the Colorado Rocky Mountains, Ipomopsis
opulations are threatened by earlier snowmelt, which currently
auses lower seedling emergence, lower chance of survival to the
ext year, and lower seed production, projecting declines in lo-
al abundance ( Campbell, 2019 ). Although pollen dispersal could
ntroduce new genes that aid persistence, seed dispersal and mi-
ration to more suitable habitat are unlikely to contribute to per-
istence as seeds rarely disperse > 1 m ( Campbell et al., 2017 ).
n the other hand, several traits of I. aggregata experience on-
oing natural selection and show genetic variance ( Campbell et
l., 2022 ), thus providing the raw material for evolutionary res-
ue from these deleterious impacts of climate change. One such
rait is specific leaf area (SLA): the ratio of leaf area to dry mass.
n a global scale, low SLA (i.e., thick leaves) is often associated
ith dry conditions as it reduces surface area, thereby reducing
ater loss from the leaf, at the cost of reduced photosynthesis

 Poorter et al., 2009 ). In some natural populations of Ipomopsis ,
lants with low SLA had higher survival ( Campbell et al., 2024 ),
emonstrating selection on the trait. In a short-term experimen-
al study of I. aggregata , selection on this trait depended upon
nowmelt timing in the spring; plants with low SLA were more
ikely to survive to flower when snowmelt was artificially accel-
rated, but not so under later snowmelt ( Navarro et al., 2022 ).
n a quantitative genetic study in the field, SLA showed signif-
cant narrow sense heritability of 10%, indicating its potential
o evolve in response to phenotypic selection ( Campbell et al.,
022 ). Finally, the trait shows phenotypic plasticity; in repeated
easures of the same plants over several years, SLA is lower in

ears of earlier snowmelt ( Campbell et al., 2022 ), which is adap-
ive ( Navarro et al., 2022 ). 

We first use 12 years of field data on SLA and its impact on fit-
ess from years that varied greatly in snowmelt timing to deter-
ine overall selection on SLA and its environmental sensitivity

nder natural conditions. Only one rare study of flowering time
easured selection in natural plant populations over a longer

eriod ( Ehrlén & Valdés, 2020 ). We then develop models of evo-
utionary rescue, incorporating the known genetic variance in
hat trait, and use them to determine whether evolutionary re-
ponse to the selection is sufficient to counteract the impact of
nowmelt timing on population growth. We address four specific
uestions: 

1. How does selection on SLA depend on snowmelt timing? 
2. How do magnitudes of heritability and selection intensity

affect the likelihood of evolutionary rescue, and do actual
field estimates for SLA fall in the range needed for evolu-
tionary rescue? 

3. Is population persistence likely given the overall tempo-
ral trend toward earlier snowmelt, and how does environ-
mental stochasticity, in the form of variability around that
trend, affect persistence? With climate change likely to in-
crease extremes ( IPCC, 2023 ) as well as average tempera-
ture, it is important to consider the impact of that variabil-
ity. 

4. How does phenotypic plasticity affect the likelihood of evo-
lutionary rescue in this natural system? 

ethods 

tudy system 

he study sites consisted of three “Poverty Gulch” sites in Gunn-
ion National Forest and one site “Vera Falls” at the Rocky Moun-
ain Biological Laboratory (RMBL), all in Gunnison County, CO,
SA. At Poverty Gulch, there is a natural hybrid zone between I.
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aggregata ssp. aggregata and I. tenuituba ssp. tenuituba ( Campbell 
et al., 1997 ). Focal plants included two sets of plants. One set 
(data from 2009–2019) consisted of plants in common gardens 
at three sites: an I. aggregata site (hereafter “agg”), an I. tenuituba 
site (hereafter “ten”), and a site at the center of the natural hybrid 

zone (hereafter “hyb”). These sites correspond to sites L, C, and I,
respectively, in Campbell et al. (1997) (map in Aldridge & 

Campbell, 2009 ). The second set consisted of plants growing in 

situ at two of the same Poverty Gulch sites (“agg” and “hyb”),
and an I. aggregata site at Vera Falls (hereafter “VF”; data from 

2017–2023). Natural populations of Ipomopsis at these sites are 
relatively small, with typically 30–70 flowering individuals, along 
with plants in the vegetative state, in a given year. 

At these sites, plants of Ipomopsis emerge as seedlings in the 
spring, and spend 2–12 + years as a rosette of leaves before send- 
ing up a flowering stalk during the year of flowering ( Campbell 
et al., 2008 ). The mean generation time is 5 years in this local- 
ity ( Campbell & Waser, 2007 ). The plants bloom during a single 
season, set seed, and then die. The plants have hermaphroditic 
flowers and are self-incompatible. The primary pollinators are 
hummingbirds and hawk moths, with occasional flower visits 
from butterflies and solitary bees ( Campbell et al., 1997 ; Price et 
al., 2005 ). The common gardens were started from seed in 2007 
and 2008 (details in Campbell, 2019 ; Campbell & Powers, 2015 ).
Measurements of SLA in these gardens began when plants were 
2 years old, either 2009 or 2010 depending upon the garden, as 
they are only small seedlings during their first summer after 
seed maturation. By 2018, all but 15 of the 4512 plants originally 
planted had died, with or without blooming, and we stopped fol- 
lowing these gardens. Starting in 2017, in situ vegetative plants 
at the I. aggregata site and the hybrid site whose longest leaf 
exceeded 25 mm were marked with metal tags to facilitate 
identification. 

Measurements of trait and fitness 

In each year of the study, one leaf from each vegetative plant was 
collected in the field and transported on ice to the nearby RMBL,
8 km distant. There, each leaf was scanned with a flatbed scan- 
ner and analyzed using ImageJ (National Institutes of Health,
Bethesda, MD, USA) to measure leaf area. The leaf was dried at 
70 ◦C for 2 hr and then weighed to obtain dry mass and calculate 
SLA as area/dry mass. For plants in the common gardens, SLA 

was measured on 982 leaves from 383 plants in 2009–2014. For 
in situ plants, SLA was measured on one leaf from each of 877 
plants in 2017–2022. 

Fitness was estimated as the binary variable of survival to 
flowering. Plants that were still alive in 2019 in the common gar- 
dens or in 2023 at the end of the study were assumed to survive 
to flowering. Although, it is theoretically possible that SLA could 

also influence flower number or seeds per survivor through ef- 
fects on resource acquisition during earlier parts of the lifecycle,
a previous study of I. aggregata found no evidence that selection 

on SLA differed whether flower number was included or not in 

the fitness estimate ( Navarro et al., 2022 ). 

Question 1: selection on SLA and its 

environmental sensitivity 

All data analysis and modeling was done in R v.4.4.2. To estimate 
selection on the trait itself, rather than selection on its yearly 
plastic responses, we determined the overall average standard- 
ized selection differential on SLA. To do so, we first averaged 

SLA across repeated measurements in multiple years for a given 
lant. This simplification ignored the extent to which an indi-
idual plant matched SLA in a given year to local conditions,
ut that aspect is partly captured by the addition of plastic-

ty (see below). We then performed generalized linear models 
f relative fitness (fitness divided by global mean fitness) as a
unction of mean SLA and the factor of site, after expressing
LA in units of standard deviation by subtracting the mean and
ividing by the standard deviation across plants. The within- 
ite regression coefficient for the effect of the standardized 

rait value on relative fitness (fitness divided by mean fitness)
ives the SD-standardized selection differential ( Kingsolver et 
l., 2001 ), chosen for easy comparison with selection estimates 
n large reviews of plant functional traits ( Caruso et al., 2020 ;
eber & Griffen, 2003 ). Site was included as a fixed factor in this
odel because survival differed on average across the three sites

 p < 0.0001), ensuring that site-related variation was accounted
or in the analysis. 

We evaluated the environmental sensitivity of selection on 

LA only for the agg and hybrid sites as we had much longer time
eries for those sites. Our first step was to use individual mea-
urements in each year and find the separate standardized se-
ection differential in each year, including the factor of site along
ith the effect of standardized SLA in the model. The selection
ifferential was standardized within year but not within site for
his analysis. In a second step, we then regressed the selection
ifferential (both standardized and unstandardized in original 
nits of SLA for use in models) on the date of snowmelt in that
ear. A steeper slope would indicate greater environmental sen- 
itivity of selection. We also examined trends in snowmelt date
rom 1985–2023 at sites agg, hyb, VF, and the RMBL ( Suppleme
tary Methods S1 ). The RMBL data were included because pre-
ious studies of how demography depends on snowmelt timing 
elied on those values ( Campbell, 2019 ), and we therefore cali-
rated the evolutionary rescue models in the next sections the
ame way. Snowmelt date averaged 6 days later at the agg site
han at RMBL, 17 days later at the hyb site than at RMBL, and 3
ays earlier at site VF, with a common slope of 0.20 days earlier
er year. 

Most models of evolutionary rescue assume that selection on 

he trait is stabilizing, with an optimum that moves with the
nvironment ( Gomulkiewicz & Houle, 2009 ). In separate analy- 
es, we also tested for stabilizing selection in each year using a
odel with site, the standardized trait value and the squared

alue of the standardized trait value. A negative slope of sur-
ival on the squared value would indicate curvature to the fit-
ess relationship that corresponds with stabilizing selection.
he quadratic regression coefficients were multiplied by 2 to ob-

ain the quadratic selection gradients ( Stinchcombe et al., 2008 ).
ince the fitness component was binary, for all tests we em-
loyed function glm to perform the generalized linear models 
ith a binomial distribution to test for statistical significance 
hile reporting quantitative estimates of the selection differen- 

ials based on ordinary least squares regression ( Kingsolver et
l., 2012 ). 

uestion 2: modeling dependence of 
volutionary rescue on magnitudes of 
eritability and selection 

s the observed selection on SLA was always directional, with
o significant stabilizing or disruptive selection in any year (see
esults section), we used iterative models of evolutionary rescue 
ased on directional selection rather than previous models that 

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
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ssumed stabilizing selection. We developed several models of
volutionary rescue, building from simple to complex ( Figure 1 ).
ur simplest model (“Step change model ”) resembled many pre-
ious models (e.g., Gomulkiewicz & Holt, 1995 ; Xu et al., 2023 )
n describing an abrupt change to a new environment. We used
t to examine how much evolutionary response (and hence se-
ection intensity and heritability) was required to counter a par-
icular drop in mean absolute fitness due to early snowmelt,
ased on a model for directional selection proposed by Campbell

(2008 ): 

Nt = W t−1 Nt−1 , (1) 

W t = W 0 

[
1 + b 

v 
�zt 

]
, (2) 

here Nt = population size in generation t , W t = mean absolute
tness in generation t , and W 0 = mean absolute fitness after the
nvironmental challenge but prior to allowing for evolution. The
ortion in brackets expresses how absolute fitness is altered by
he evolutionary response given an abrupt environmental shift
o earlier snowmelt. The value �zt is the cumulative evolution-
ry response after t generations in the mean value for trait z .
ollowing standard quantitative genetic theory 

�zt = h2 S + �zt−1 , (3) 

here h2 is heritability and S is the selection differential, which
n turn is the covariance between relative fitness and the trait
alue ( Falconer & MacKay, 1996 ). Heritability of SLA was set to
.10, as estimated in the field at these sites ( Campbell et al.,
022 ). The expression b/v converts �zt into an effect on fitness; it
quals b , the slope of fitness on z , divided by mean fitness, v . We
ssumed a starting stable population of 200 individuals based on
istorical demographic studies of I. aggregata ( Price et al., 2008 ;
aser et al., 2010 ) and then a step change to constant prolonged

rought, as in 2012, corresponding to the lowest annual value for
bsolute fitness observed across 15 years of study by Campbell
2019) . That year had the earliest snowmelt date (RMBL day in
ear = 114) in the study, and we used the average of fitness across
he I. aggregata site ( W 0 = 0.82) and the hybrid site ( W 0 = 0.93;
verage = 0.88). These values for fitness were estimated by the
ntrinsic rate of increase ( λ) in integral population models that
ook into account all stages of the lifecycle from seed to seedling
o vegetative plant to flowering plant to seed in the next gen-
ration ( Campbell, 2019 ). For the strength of selection on SLA,
e first used values from 2010, the year in which we observed

he strongest selection favoring low SLA ( Table 1 ). Since selec-
ion was estimated from survival, we are assuming that overall
tness would be reduced by the same amount as survival. This
tep change model corresponds to a situation involving prolonged
xtreme drought and prolonged strong selection. 

To fully answer question 2, we examined the sensitivity of the
esults to changes in heritability and the selection intensity, in
oth cases by stepping the parameter across the entire range of
heoretical values, from 0.05 to 1.00 by a step of 0.05. Since the
lants are hermaphroditic and self-incompatible, in the deter-
inistic case, we assumed that the population would be func-

ionally extinct if population size fell below 2. To investigate the
mpact of demographic stochasticity, instead of obtaining the
opulation size in the next generation by multiplying by average
tness, for each individual, we drew the number of individuals

n the next generation by sampling from a Poisson distribution
ith a mean equal to average fitness ( λ), as justified in Ellner et

l. (2016) . The Step change model explores the theoretical bounds
n evolutionary rescue and thus provides a baseline for under-
tanding how population persistence is affected by a particular
rop in mean absolute fitness, but has the disadvantage that the
tep change in environment is unrealistic. 

uestion 3: population persistence given mean 

nd variance of temporal trend in snowmelt 
o determine whether evolutionary rescue can occur given em-
irically grounded estimates of parameters including the pro-

ected temporal trends in snowmelt date, we developed the Grad-
al environmental change model ( Figure 1 ) in which snowmelt date
as assumed to continue advancing linearly following the trend

stimated since 1984 of 0.20 days per year. Because the environ-
ental change is expressed in terms of years rather than gener-

tions, we modeled population size over years for this scenario.
or simplicity, we retained discrete generations and assumed
hat the evolutionary response in SLA per year was one fifth as
igh as the evolutionary response per generation ( = 5 years). We
hen modeled the effect separately for the hyb and agg popula-
ions, for which we have the longest time series of data. These
wo populations differ in demography, in that the hybrid popula-
ion is already below replacement ( λ < 1), whereas the I. aggregata
opulation currently has λ > 1 but is predicted to fall below re-
lacement in the near future with earlier snowmelt ( Campbell,
019 ). For these two population, we allowed absolute fitness in
he absence of evolution ( W 0 ) to decline with snowmelt day at
MBL as determined from fitting quadratic models ( Table 2 ) to
he results of integrated projection models in a long-term de-

ographic study ( Campbell, 2019 ). 
To incorporate the effect of evolution of SLA, we first modeled

ow the strength of selection on SLA changes with snowmelt day
y regressing the selection differential ( S ) on annual snowmelt
ate for our 12 years of study ( Table 2 ) and substituting that for
 in Equation 3 . As �z is the change in mean phenotype be-
ween two generations and generation time is 5 years, we di-
ided h2 S by 5 in incrementing it each generation (see expres-
ion for �zt in Table 2 ). Similarly, to obtain how b / v (the change
n fitness with the trait) changes with snowmelt day, we used the
egression coefficient b in each year, and regressed that divided
y mean survival against snowmelt day ( Table 2 ). 

We then used our Gradual environmental change model to eval-
ate the influences of environmental stochasticity and pheno-
ypic plasticity. We added environmental stochasticity in the
orm of observed variation around the trend line for snowmelt
ay as a function of year. Using again the linear relationship from
adgymar et al. (2018) , we used the predict function in base R to

nd the residual standard deviation of the predicted values dur-
ng the time span of 1984–2023. The residual SD measures how

uch actual snowmelt dates deviate from the predicted values.
hile there is a general linear trend toward earlier snowmelt,

he actual dates vary around that trend with an SD of 11.4 days.
o for each year, we drew a value for snowmelt day from a nor-
al distribution with mean as predicted but now with an SD of

1.4 days. Due to the addition of this random element, we ran
his model 10 times. To incorporate demographic stochasticity,
s in our Step change model , for each individual we drew the num-
er of individuals in the next generation by sampling from a Pois-
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Figure 1. Conceptual diagram showing the elements of the two models and their relationships to the questions addressed and the resulting figures. 
Left panel: The Step change model specifies an abrupt shift to an extreme environment of early snowmelt which is then held constant. Right panel: 
The Gradual environmental change model specifies a linear trend toward earlier snowmelt. The minus sign indicates absence, and the checkmark 
indicates presence of the feature (e.g., “Plasticity”). 

Table 1. Standardized selection differentials on SLA in each year. Directional selection differentials were estimated from models with 

a linear term of standardized SLA along with the factor of site. Quadratic selection gradients were estimated by doubling the quadratic 
regression coefficient in models with linear and quadratic terms of standardized SLA along with site. Statistical departure from zero 
was assessed using models with a binomial distribution of residuals and was not based on standard errors from the estimates in 

ordinary least squares regression. 

Year Directional selection differential Quadratic selection gradient 

2009 − 0.171 ± 0.081∗ 0.092 ± 0.108 
2010 − 0.230 ± 0.087∗ − 0.004 ± 0.090 
2011 − 0.039 ± 0.065 0.094 ± 0.050 
2012 − 0.033 ± 0.067 0.084 ± 0.048 
2013 − 0.174 ± 0.063∗∗ − 0.002 ± 0.074 
2014 − 0.063 ± 0.060 0.098 ± 0.070 
2017 − 0.213 ± 0.081∗ − 0.160 ± 0.122 
2018 0.022 ± 0.112 − 0.102 ± 0.105 
2019 − 0.058 ± 0.133 0.268 ± 0.282 
2020 0.060 ± 0.135 0.057 ± 0.160 
2021 0.125 ± 0.117 0.002 ± 0.135 
2022 − 0.114 ± 0.075 − 0.037 ± 0.109 

∗p < 0.05; ∗∗p < 0.01. 

Table 2. Parameter expressions used in modeling the impact of a linear trend in snowmelt timing and selection on specific leaf area 
( Gradual environmental change model ). 

Site Process Parameter expression 

Both sites Day of snowmelt (d) d = 539.2–0.20∗t 
SD in predicted snowmelt 11.4d 

Hybrid Absolute fitness in absence of evolution 

( W 0 ) 
W 0 = 1.352–0.0202∗d + 0.000126∗d2 

Selection differential ( S ) S = −10.041 + 0 . 040dt 

Change in trait value by time t ( �zt ) �zt = h2 (−10 . 041+0 . 040dt ) 
5 + �zt−1 

Effect of trait value on absolute fitness 
relative to the mean ( bt 

vt 
) 

bt 
vt 

= (−0 . 0224 + 0 . 00012dt ) /W 0 t 

Ipomopsis aggregata Absolute fitness in absence of evolution W 0 = 7.504– 0.1378∗d + 0.00067∗d2 

Selection differential S = 31.493–0.252 dt 

Change in trait value �zt = h2 (31 . 493 −0 . 252dt ) 
5 + �zt−1 

Increase in absolute fitness relative to the 
mean 

bt 
vt 

= (0 . 0144 − 0 . 00012dt ) /W 0 t 

Note . d = day; t = year; h2 = heritability; b = slope of fitness on trait value z ; v = mean fitness. 
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uestion 4: impact of phenotypic plasticity on 

opulation persistence 

o investigate the impact of phenotypic plasticity on population
ersistence, we added plasticity in SLA to the Gradual environ-
ental change model both with and without stochastic environ-
ental variability around the temporal trend line in snowmelt.

o do so, we used an equation for SLA as a function of snowmelt
ay for a set of plants that were measured repeatedly in differ-
nt years by Campbell et al. (2022) . Thus, plasticity was mod-
led as a linear function of the present environment as detected
y the individual plant ( Greenspoon & Spencer, 2021 ). Using re-
eated measures ANOVA, SLA increased by 1.323 cm2 /g for every
ay later the snow melted. Assuming no cost of reduced SLA,
o our prediction for the trait value in a given year, we added
.323 times the difference in snowmelt day from the previous
ear. 

esults 

uestion 1: selection on SLA 

sing mean values for SLA for individual plants, the overall
tandardized selection differential was S ’ = −0.12 (SE = 0.04,
 = 0.0012; Figure 2 ) for effect of the trait in a model that also
ncluded site, as compared with the values of S ’ = −0.33 and
0.19 ( p = 0.007) in I. aggregata and I. tenuituba sites measured
reviously in 2009–2014 only ( Campbell et al., 2024 ). These val-
es all indicate that lower values (thicker leaves) led to higher
urvival to flowering. Selection was detectably different from
ero in 4 years ( Table 1 ), with the strongest value of S ’ = −0.23
SE = 0.08, p < 0.01) in 2010. The selection differential ( S ) did
ot correlate significantly with snowmelt date in the spring ( r
 −0.20, p > 0.05), but was negative, favoring thicker leaves, in
9 of 24 site-year combinations ( Figure 3 ). When broken up by
ite, it showed a positive trend (but not significant) at the hybrid
ite only; in other words in the direction expected with stronger
election for lower SLA when snowmelt was earlier ( Figure 3 ). 

uestion 2: modeling dependence of 
volutionary rescue on magnitudes of 
eritability and selection 

ith the assumption that early snowmelt made W 0 = 0.88,
n the absence of the evolution shown in Figure 4A , a popu-
ation starting at size 200 would fall below 2 (the minimum
hat can perpetuate a self-incompatible species) and thus be
unctionally extinct by the 38th generation ( Figure 4B ). With
he predicted evolution of SLA toward lower values in response
o the strongest selection observed ( S ’ = −0.23 and Step change
odel ; Figure 4A ), the expected population size fell only as low

s 20 individuals (in generations 34–44) before rising again as
ean fitness crossed zero and eventually followed exponential

rowth to above its starting level, showing evolutionary rescue
 Figure 4B ). With demographic stochasticity added, 4 of 10
opulations starting at size 200 went extinct by the year 2400

75 generations; Supplementary Figure S1 ). 
Increasing the heritability would increase the likelihood of

volutionary rescue ( Figure 5A ), whereas halving it would pre-
ent it, given that a population starting at 200 individuals would
rop below 2 by generation 66 and thus be functionally extinct
t that time ( Supplementary Figure S2 ). Doubling the selection
ntensity in the same way has an even larger effect ( Figure 5 and
upplementary Figure S2 ) because it not only doubles the rate at
u  
hich the trait value changes but also increases the influence of
hat change on absolute fitness. 

Using the overall average value for selection ( S ’ = −0.13), as the
est estimate, rather than its value of −0.23 in the most extreme
ear of 2010, the estimated heritability would put Ipomopsis right
n the dividing line between local extinction and population per-
istence in a deterministic model ( Figure 5A ). With demographic
tochasticity added, only 10% of simulated Ipomopsis populations
ersisted to generation 80 (white circle in Figure 5C ). All of these
odels so far examined evolutionary rescue only in the face of

n abrupt shift to earlier snowmelt. 

uestion 3: population persistence given mean 

nd variance of temporal trend in snowmelt 
he Gradual environmental change model al-

owed a more realistic continuous change in
he day of snowmelt in the spring ( Figure 6A
and B ) rather than a shift to extreme drought. In this case,
n the absence of evolution, a hybrid population starting at size
00 would fall below 2 in the year 2128 and thus be functionally
xtinct by the 21st generation ( Figure 6C ). Allowing for the ob-
erved trend in selection on SLA would not allow evolutionary
escue at the hybrid site, as the population size would still
all below 2, in this case in 2138 and stay below 2 for a very
engthy time (blue line in Figure 6C shows population size still
ecreasing in the year 2400). Thus adding the extra realism of
he actual trendline for snowmelt timing and selection elimi-
ated the opportunity for evolutionary rescue. Even though the

nitial environmental hit to average survival in generation 1 was
ess strong with gradual environmental change than in the Step
hange model (mean fitness in generation 1 = 0.92 as compared
ith 0.88), selection on SLA was weaker at that point and would
ot reach the value used in the Step change model until the year
175 ( Supplementary Table S1 ). Increasing heritability to 0.30
ould make evolutionary rescue possible even in this more

ealistic scenario, as a hybrid population starting at size 200
ould not drop below 3 individuals (green line in Figure 6C ). 
In contrast, the Gradual environmental change model with a

ealistic trendline for snowmelt in an I. aggregata population
howed very little effect of heritability on population persis-
ence ( Figure 6B ). This population is not yet below replacement
 Campbell, 2019 ), so allowing for selection and using the best fit-
ing quadratic relationship for how mean fitness has previously
hanged with snowmelt, the population would initially increase
n size, but start to decline by 2045 as fitness drops below 1 due
o earlier snowmelt. Selection on SLA is not only weaker at the
tart in this population than in the I. aggregata population, but
t also trends toward favoring larger SLA with earlier snowmelt
n this population ( Figure 3 ). Even raising heritability of SLA to
.30 would have little effect on the population dynamics, and
he population is predicted to drop below its starting value by
073 and be functionally extinct ( N < 2) by around 2128, a value
imilar to that for the hybrid population ( Figure 6D ) despite the
ifference in population dynamics to arrive at that point. 

Adding variability in prediction of snowmelt date did not
hange the basic pattern that both populations would go extinct
n the absence of plasticity ( Figure 7 ). Variability in snowmelt
ate had, however, more effect on the dynamics in the I. ag-
regata population, causing extreme swings in population size
n the first several decades that would greatly change the pre-
icted date for population extinction ( Figure 7B ). The two pop-
lations showed different magnitudes of response to variability

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
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Figure 2. Survival to flowering as a function of mean specific leaf area (SLA) for a plant. Points are jiggered for visibility; all values for survival = 0 or 
1. Lines are predicted values obtained by inverse prediction from a generalized linear model with a binomial distribution: glm(survtoflr ∼
site + rsla, family = binomial). These are bounded by 1 and 0 but appear approximately linear over the range of observed SLA. Sites “agg” and “VF”
both contain Ipomopsis aggregata . Site “ten” contains I. tenuituba , and site “hyb” contains natural hybrids between the two parental species. 

Figure 3. Unstandardized selection differential as a function of day of snowmelt in two sites. The models were originally fit to Rocky Mountain 

Biological Laboratory day of snowmelt and then adjusted by a constant to reflect accurate estimates of snowmelt in the individual sites. The 
selection estimate was negative (below the dotted line) in 19 of 24 site-year combinations. Selection decreased with day of snowmelt in the agg site 
( p < 0.05; solid line), but did not change significantly with day of snowmelt in the hybrid site (dashed line). 
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in snowmelt date because fitness in the absence of evolution is 
more sensitive to snowmelt date in the I. aggregata population.
Allowing for demographic stochasticity had little effect except 
that all very small populations were predicted to go locally ex- 
tinct by 2180 ( Figure 7C and D ). 

Question 4: impact of phenotypic plasticity on 

population persistence 

Adding phenotypic plasticity of SLA had a large effect for the 
hybrid population, allowing the simulated population to persist, 
never dropping below N = 10, when it had not in its absence,
and allowing the population to grow starting in 2202 (compare 
blue line in Figure 8C with blue line in Figure 6C ). This was not 
so for the I. aggregata population; even though phenotypic plas- 
ticity now made SLA decrease over time, it did not do so rapidly 
nough to generate evolutionary rescue ( Figure 8 ). For the hybrid
opulation, adding environmental stochasticity in snowmelt 
iming on top of plasticity, the number of years until population
rowth became positive was extremely variable across runs of 
he model, spanning a range from the start until approximately
300 ( Figure 9A ). The variation arose because strong phenotypic
lasticity made SLA highly responsive to the yearly fluctuations 

n snowmelt. Number of years until population growth became 
ositive was highly responsive to initial changes in SLA, with a
ew early low values leading to early evolutionary rescue due to
trong increases in absolute fitness (see brown line in Figure 9A ).
ven with demographic stochasticity, however, the population 

ad a 60% chance of being rescued by evolution in this case
 Figure 9C ), in comparison with the case without plasticity in

hich the hybrid population always went extinct ( Figure 7C ).
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Figure 4. Step change model with shift to a constant extreme 
environment. (A) Evolution of specific leaf area (SLA) with constant 
selection (S’ = 0.23) and heritability = 0.10. (B) Change in population 

size ( N ) for the case of no selection on SLA (red line) and case of 
constant selection on SLA (blue line). In 2010, the year with strongest 
selection for smaller SLA, mean survival ( v ) = 0.554, and the regression 

coefficient ( b ) of absolute survival on raw SLA was −0.0034, making b/v 
(the relative amount by which absolute fitness is changed per cm2 /g 
increase in SLA) = −0.0061. The selection differential (S) obtained from 

the covariance of relative survival with raw SLA was −5.866, and 
heritability was assumed to be 0.10, making �z = −0.59, a drop in SLA 

of 0.59 cm2 /g per generation. 
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dding environmental and/or demographic stochasticity on top

f selection and plasticity still did not allow evolutionary rescue
n the I. aggregata population ( Figure 9B and D ). 

iscussion 

limate change is projected to cause earlier snowmelt in moun-
ains around the world due to higher temperatures and reduced
nowpacks ( Clow, 2010 ; IPCC, 2023 ; Kraaijenbrink et al., 2021 ).
ere, we modeled how earlier snowmelt affects absolute fit-
ess, trait evolution, and the impact of evolution of a single trait
n population persistence in a subalpine herb using field-based
arameter estimates. A key finding was that adaptive pheno-
ypic plasticity, in combination with an evolutionary response
o selection, was necessary to achieve evolutionary rescue if only
hat one trait is considered. Our simplest model ( Basic model ) con-
S  
rmed results of other models in which evolutionary rescue is
ore likely with higher heritability and lower initial maladap-

ation ( Gomulkiewicz & Holt, 1995 ). Using field estimates of pa-
ameters, and a gradual trend in snowmelt date ( Gradual envi-
onmental change model ), we projected local population extinction
n the absence of phenotypic plasticity even if adaptive evolu-
ion of the trait of SLA is allowed. Adding adaptive phenotypic
lasticity would, however, likely rescue one of the two popu-

ations modeled because the adaptive phenotypic plasticity in-
reases the rate at which the trait approaches its optimum. The
imulated hybrid population is currently below replacement but
s projected to be rescued by evolution of that trait due to the
ombination of strong selection and plasticity. Environmental
tochasticity interacted with the change in phenotype, which
llowed for very wide variation in the time required for evolu-
ionary rescue in the hybrid population to take place. Thus, even
hough we predicted that the hybrid population could eventu-
lly be rescued by selection and adaptive plasticity in SLA, it
s not currently possible to predict for a given local population
recisely when population growth would become positive again.
hese results show that real populations can fall in the param-
ter space where levels of stochasticity greatly influence pop-
lation persistence. Although the simulated I. aggregata popu-

ation is currently growing, it is projected to fall below replace-
ent due to earlier snowmelt, and even in the presence of phe-

otypic plasticity, the weaker selection on SLA in that population
s likely insufficient to rescue the population. Thus, in this case,
he population most threatened in the near term is the one with
etter prospects for long-term persistence. Note that these mod-
ls predict local population extinctions, not species extinction. I.
ggregata is widespread and common across the mountains of
he western USA, encompassing a very wide range of environ-

ental conditions ( Grant & Wilken, 1986 ). Furthermore, there is
vidence that recruitment of vegetative rosettes is enhanced by
oil disturbance, suggesting that populations may have histori-
ally arisen and went locally extinct ( Juenger & Bergelson, 2000 ).

Our models pertain to the effects of only a single trait and
re relatively simplistic in comparison with some models of
volutionary rescue ( Xu et al., 2023 ), but we viewed that as
ecessary to fit to the kind of information typically available.

n developing the models, we made many key assumptions.
irst, we assumed that climate change can cause snowmelt to
et progressively earlier following its current linear fit trend
ver the past four decades, and that no other environmental
hanges will affect these populations. While recognizing that
implicity, and the increase in extinction that can be caused
y a nonlinear environmental change ( Greenspoon & Spencer,
021 ), we view incorporation of alternative climate scenarios
 Thomas et al., 2004 ) as beyond the scope of this paper. Sec-
nd, we assumed natural selection was linear, which may be
rue in the short-term but is unlikely in the longer term as
LA approaches its optimal value for survival. As SLA gets

ower, surface area for photosynthesis decreases, and at some
oint carbon assimilation may then limit fitness more than
eduction of water loss. This could occur if a plant escapes
rought by rapid growth early in the season. Tests of this
rought escape strategy in other species have produced mixed
esults ( Sherrard & Maherali, 2006 ; Wolfe & Tonsor, 2014 ). Third,
e assumed that phenotypic plasticity would continue indef-

nitely along a linear trend, and that heritability of the veg-
tative trait would not change with earlier snowmelt, even
hough changes with environment are common ( Etterson, 2004 ;
herrard et al., 2009 ). Although unlikely in the very long term,
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Figure 5. Parameter space for heritability and standardized selection differential showing conditions allowing evolutionary rescue in response to a 
constant extreme environment ( Step change model ). Starting population size = 200. Red indicates extinction. Blue indicates evolutionary rescue by 
generation 75. Deterministic models shown for (A) mean absolute fitness under early snowmelt in the absence of evolution = 0.88 in Ipomopsis 
aggregata and (B) 0.79 in Boechera stricta . Points for species are plotted at their field-estimated parameter values. For Ipomopsis (A and C), the black 
circle indicates the strongest selection observed (S’ = 0.23) and the white circle indicates mean selection (S’ = 0.13). For Boechera (B and D), the two 
points correspond to two sets of parameters from different common garden experiments (see Supplementary Methods S2 ). Panels (C) and (D) 
include demographic stochasticity. In that case, the shading indicates the proportion of runs in which the population was rescued. Approximately 
90% of runs for Ipomopsis values went extinct when S’ = 0.13. The rectangle in (B) and (D) encompasses a 95% confidence interval around the mean 

values for the selection differential and heritability in a review of plant functional traits ( Geber & Griffen, 2003 ). 
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SLA in our models with plasticity in most cases did not fall be- 

low the minimum observed value (81 cm2 /g) in a recent study 
of I. aggregata ( Navarro et al., 2022 ) until after absolute fitness 
rose above 1 causing population size to increase ( Figure 8A ).
Fourth, we assumed that allowing for variation in time to flower- 
ing and thus overlapping generations would not alter population 

dynamics significantly. Fifth, we assumed no cost to phenotypic 
plasticity, as defined by a fitness decrement of a highly plastic 
genotype relative to a less plastic genotype, an assumption that 
may often be met ( Murren et al., 2015 ). Six, we had to make some 
assumptions about initial population size and when a small pop- 
ulation would go extinct, either if population size dropped below 

2, or with number of surviving offspring following a Poisson dis- 
tribution. The populations we studied are small, with 30–70 flow- 
ering individuals, along with vegetative individuals, in a given 

year, and local extinction was not very sensitive to population 
ize between 100 and 200. But demographic stochasticity would 

ause local extinction even in some cases when population size
ould otherwise eventually recover, and neither extinction cri- 
erion captures fully the reality of variation in lifetime fitness
 Shaw et al., 2008 ). 

In addition to these assumptions for a closed population, we
lso assumed no gene flow or dispersal between populations.
ene flow via pollen could introduce genes that increase adap-

ation ( Wolf & Campbell, 1995 ). Seed dispersal on the other hand
s very limited with seeds rarely moving > 1 m ( Campbell et al.,
017 ). The two populations modeled here are 700 m apart and
iffer in snowmelt date by 11 days on average, meaning that 64
ears of seed dispersal upslope would be required to gain just
ne day later of snowmelt, which is insufficient to keep up with
he trend in snowmelt timing. 

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data


542 | Campbell et al.

Figure 6. Predictions from the Gradual environmental change model when selection on specific leaf area (SLA) is included but not plasticity or 
stochasticity. Snowmelt date (days since January 1) and the evolutionary response of SLA depicted with light and dark lines, respectively, for the (A) 
hybrid population and (B) Ipomopsis aggregata population. Population size ( N ) for the case of no trait evolution (red line), selection with observed 
heritability of 0.10 (blue line), and selection with heritability of 0.30 (green line) for approximately 75 generations shown for the hybrid population 

(C) and I. aggregata population (D). 
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The information needed to project population persistence
ith evolution is rarely available. But for Ipomopsis , we know both

he agent of selection (early snowmelt) and a target of selection
SLA). We have long-term estimates of how snowmelt timing
ffects mean absolute fitness ( Campbell, 2019 ), heritabilities of
ome functional traits ( Campbell et al., 2022 ), and now 12 years
f selection estimates, allowing us to estimate environmental
ensitivity. We are unaware of other plant systems for which all
f these data are available, but a few cases come close. For ex-
mple, data on genetic variation and selection were combined
o compare the number of generations for northern populations
f Primula nutans to evolve some traits of southern populations
eparated by a temperature difference that climate change could
roduce in 70–140 years ( Mattila et al., 2024 ). Besides Ipomopsis ,
e are aware of one other plant system for which similar infor-
ation on the three parameters in our Step change model (drop

n mean absolute fitness, selection, and heritability) are avail-
ble: Boechera stricta , another herbaceous species in the Colorado
ocky Mountains. We repeated the deterministic and stochas-
ic versions of that model with two sets of parameter estimates
or B. stricta ( Supplementary Methods S2 ). Conditions appear to
llow for evolutionary rescue in some parts of the range based
n the earlier study (black circles in Figure 5C and D ; Wadgymar
t al., 2017 ) but not under snow removal conditions that mimic
limate change (white circles in Figure 5C and D ; Bemmels &
nderson, 2019 ). Extending the model to other plants, we plotted
5% confidence intervals for 653 selection differentials and 1214
stimates of heritabilities for functional traits reviewed by Geber
 Griffen (2003) . The majority of the space, but by no means
ll, overlapped with conditions where evolutionary rescue could
ake place ( Figure 5B ), with the important caveat that an abrupt
hift to an environment resulting in mean absolute fitness of 0.79
s assumed (as that parameter is generally unknown) and the ad-
itional caveat that many of the studies estimated heritability in
 greenhouse or growth chamber where values were higher than
n the field (mean = 0.42 vs. 0.12). Furthermore, only heritabil-
ty or selection, not both, is known for vegetative traits in most
pecies. 

Our models incorporated adaptive evolution and plasticity of
nly one quantitative trait. All else equal, adding more traits
ould increase the potential for evolutionary rescue by increas-
ng absolute fitness more quickly, provided the direction of se-
ection is not antagonistic to genetic correlations and pheno-
ypic plasticity of those traits is neutral or adaptive. Note that
e chose the trait of SLA because of prior evidence that it
as under strong natural selection in the field environments

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
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Figure 7. Predicted population size and the evolutionary response of specific leaf area (SLA) as a function of year with environmental stochasticity 
in the form of variance in snowmelt around the trendline. The model includes selection on SLA but not phenotypic plasticity. Heritability was set at 
0.10. The response of SLA is shown in the same color as the population size for the corresponding run but with thinner lines. A separate line is 
plotted for each of 10 replicates for (A) hybrid population without demographic stochasticity, (B) Ipomopsis aggregata population without 
demographic stochasticity, (C) hybrid population with demographic stochasticity, and (D) I. aggregata population with demographic stochasticity. 
Notice that SLA varied relatively little among replicates, making those lines mostly overlapping. 
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( Campbell et al., 2024 ) and was plastic with respect to snowmelt 
timing in a concordant direction ( Campbell et al., 2022 ). A re- 
cent meta-analysis found that plastic traits tend to have more 
additive genetic variation and thus higher evolvability ( Noble 
et al., 2019 ). Some other traits of Ipomopsis that are also un- 
der selection may not show plasticity, or may not show it in 

an adaptive direction. For example, earlier snowmelt leads to 
smaller flowers and reduced nectar production and yet those 
trait values are expected to reduce pollination and seed produc- 
tion ( Powers et al., 2022 ). Furthermore, selection on flower length 

has gotten weaker over time with earlier snowmelt ( Campbell & 

Powers, 2015 ). We are currently testing how allowing for mul- 
tivariate trait evolution on several vegetative and floral traits 
known to affect fitness in Ipomopsis would influence evolutionary 
rescue. 

When the traits that affect fitness are unknown, one way to 
evaluate the overall potential for evolutionary rescue is to esti- 
mate the increase in mean fitness as the upper bound on the rate 
of adaptation, following Fisher’s fundamental theorem of natu- 
ral selection ( Fisher, 1930 ): 

W t+1 = W t + VA ( W ) 

W t 
, (4) 
here VA (W ) = additive genetic variance in fitness ( Peschel &
haw, 2024 ). The additive genetic coefficient of variation for fit-
ess VA (W ) 

W t 
was previously estimated in a quantitative genetic 

eld study of I. aggregata in other populations and years from
hose studied here as 26% based on survival from seedling to
owering, the fitness component most similar to the one in this
tudy, or 15% based on total fitness from seed to seed (neither
ignificantly different from zero; Campbell, 1997 ). Adaptation 

er generation in our models was much lower than those esti-
ates of the theoretical maximum. For example, in generation 1

t equaled 0.4% in the Step change model ( Supplementary Table S1 )
lthough the studies were done in different places and times,

he large difference suggests there are other heritable traits with
trong effects on fitness in this system (see also Campbell, 1996 ).
ur intent here was only to model how changes in a single trait
ould contribute to evolutionary rescue, but based on that high
stimate for genetic variance in absolute fitness, total evolution 

ight increase the chances of evolutionary rescue in this sys-
em. 

We modeled expected evolutionary rescue with a quantita- 
ive genetic approach. Another promising approach is to use ge-
omics and perform genomic sequencing over time ( Urban et al.,

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data


544 | Campbell et al.

Figure 8. Predictions for selection with added plasticity but no stochasticity in the Gradual environmental change model . Starting population 

size = 200. Snowmelt date (days since January 1) and the evolutionary response of specific leaf area shown for the (A) hybrid population and (B) 
Ipomopsis aggregata population. Population size ( N ) for the case of no selection (red line), selection with observed heritability of 0.10 (blue line), and 
selection with heritability of 0.30 (green line) for approximately 75 generations shown for the hybrid population (C) and I. aggregata population (D). 
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024 ). A few studies have detected genome evolution by compar-
sons over time, as in the European great tit ( Stonehouse et al.,
023 ) or over different habitats that differ in ways expected un-
er climate change, as in corals ( Bay et al., 2017 ). These results
ave occasionally been used to make projections for persistence
nder climate change, but notably they have had to assume how
any loci are involved in thermal tolerance and affect fitness

n the field ( Bay et al., 2017 ), whereas we had field data on how
he trait affected fitness in particular years. This is one advan-
age of the quantitative genetic approach; whereas it does not
dentify particular loci, it is easier to measure field impacts on
tness, as shown by hundreds of studies ( Kingsolver et al., 2012 )
nd also how mean fitness changes over time ( Shaw, 2019 ). That
ay make it a more feasible way to add evolutionary potential

o extinction-risk assessments ( Forester et al., 2022 ). 

onclusions 

sing a long-term study of natural selection in the field, in com-
ination with prior field information on heritability and mean
bsolute fitness, we were able to show that evolutionary rescue
f a plant population due to evolution of one trait (SLA) is possi-
le, if we also allow for the high phenotypic plasticity in the trait.
election and plasticity in combination were projected to rescue
ne of two populations, and it was the population currently more
hreatened in which selection was strongest and evolutionary
escue appeared most likely. Our work provides one of the first
xamples to estimate the major parameters in evolutionary res-
ue models under natural conditions. 

upplementary material 
upplementary material is available online at Evolution Letters . 

ata and code availability 

ata and code are available on Dryad: https://doi.org/10.5061/dr
ad.ht76hdrtn . 

uthor contributions 

.C. conceived the study, supervised the data collection, per-
ormed the data analysis and modeling, and drafted the initial
ersion of the manuscript. All authors collected field data and
ontributed to later versions of the manuscript. 

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf019#supplementary-data
https://doi.org/10.5061/dryad.ht76hdrtn


Evolution Letters (2025), Vol. 9 | 545

Figure 9. Predicted size of population ( N ) and mean specific leaf area (SLA) (cm2 /g) as a function of generation with selection, phenotypic plasticity, 
and environmental stochasticity in the form of variance in snowmelt around the trendline. The observed heritability of 0.10 was used. All 
populations started with size N = 200. The response of SLA is shown in the same color as the population size for the corresponding run but with 
thinner lines. Ten sample runs are shown for (A) the hybrid population and (B) the Ipomopsis aggregata population without demographic 
stochasticity and (C) the hybrid population and (D) the I. aggregata population with demographic stochasticity. 
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