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Quantitative-genetic analysis of 
directional adaptation suggests 
low maximum sustainable rates 
of change in agreement with data 
from field populations
Mark Pagel, Jacob D. Gardner & Andrew Meade

What rates of directional change are species likely to be capable of sustaining indefinitely such as in 
response to a warming climate? We derive estimates of the maximum rates of phenotypic change that 
populations can sustain in response to a directionally changing environment, using a quantitative 
genetics simulation model whose parameters are calibrated with data from natural populations. 
Sustainable directional change is largely limited to ≤2–4% of a trait standard deviation per generation, 
in agreement with an estimate derived from quantitative-genetic theory and with published field 
studies. Data from thirty-seven longitudinal field-studies of species’ phenological responses to a 
warming climate yield rates of change that fall in the 68th–86th percentiles of our predictions for what 
populations can sustain, and there are suggestions that the rate of climate change may already have 
diminished their capacities to maintain these rates. Given the pace of climate change, species with 
generation times greater than four years may be especially at risk.

Keywords  Sustainable phenotypic change, Directional change, Climate change, Ecology, Environment

Global climate change is placing demands on species to adapt to warming temperatures potentially for periods 
lasting well beyond this century1. This raises the question of for how long and at what rates can species be 
expected to sustain directional change? The question is made even more pressing because merely observing 
a species changing in concert with a changing climate is not sufficient to conclude that it is tracking a moving 
environmental optimum: environmental optima are seldom known and even though a population may change at 
a steady pace and thereby give the impression of successfully tracking the environment, it can be lagging further 
and further behind the optimum such that extinction is likely and may occur abruptly2.

Studies of species adapting in the wild, or in selection experiments, often reveal plentiful genetic variation in 
fitness3 and that species have the capacity to change rapidly3–9. But with few exceptions10 these studies typically 
observe species over one or a small number of generations. Long-term artificial selection experiments show 
that large and sustained responses to directional selection are possible. Laboratory populations of Drosophila 
increased abdominal bristle numbers by 13–19 standard deviations over 75–90 generations, or 0.18 to 0.22 
standard deviations (sds) per generation11, and increased wind-tunnel flight speeds linearly for over 75–100 
generations12. Maize (Zea mays) oil yields and other traits increased by between 8 and 27 sds over 70 generations13. 
On the other hand, these studies artificially return population sizes to their starting points following selection 
regimes that typically impose 80–95% mortality and so leave open the question of what rates can be sustained 
in the wild.

Genetic variance likely persists in the maize and fruit-fly populations owing to large numbers of segregating 
loci undergoing recombination14–17: mutations and new allele-combinations continually introduce variance 
even as existing alleles are driven to fixation by strong selection. But lacking detailed knowledge of the genetic 
architecture of most species’ traits17, the question of for how long and at what rates species can be expected 
to sustain directional phenotypic change can be addressed using quantitative-genetic theory and simulations. 
Bürger and Lynch2 developed a “quasi-deterministic” theoretical framework suitable for quantitative traits 
influenced by large numbers of loci, and used it to explore long-term adaptation in a changing environment. 
The model’s theoretical predictions provided good approximations to the behaviour of a simulated population 
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subjected to varying rates of environmental change. The authors concluded that the typical maximum sustainable 
rate of adaptation was likely to be on the order of 10% of a phenotypic standard deviation per generation but 
speculated that it could be as low as 1%.

Here we generalise Bürger and Lynch’s work to provide estimates of how real-world populations might respond 
genetically to a directionally changing environment. We employ a multi-locus Monte Carlo quantitative-genetics 
simulation model whose parameters are calibrated with probability distributions derived from meta-analyses 
of natural populations. The goal is to reproduce a set of conditions that characterise species in the wild, asking 
what rates of environmental change they can accommodate and for how long, and we compare our results to 
predictions from theory and to real-world populations that have been undergoing long-term directional change.

We find that species with characteristics typical of those seen in the wild are largely limited in their ability to 
sustain genetic adaptation to ≤2–4% of a trait sd or less per generation and that this agrees with theory, published 
studies, and longitudinal field data. The 2–4% figure provides a ‘yardstick’ for assessing populations’ vulnerability 
to a changing climate – observed rates of change that exceed 2–4% per generation may be cause for concern, 
with species whose generation times are greater than around four years especially imperilled. Our results 
also help to calibrate methods for understanding long-term macroevolutionary change, specifically whether 
macroevolutionary rates of morphological change can be explained by ordinary Darwinian microevolutionary 
mechanisms operating within populations18,19 or require special burst or jump processes (e.g.,20).

Results
Characterisation of simulated populations
The quantitative trait is assumed to arise from k = 100, 500, 1000 or 5000 diploid loci that undergo recombination 
(Methods). This assignment reflects the recognition from very-large-sample-size genome-wide association 
studies (GWAS) that thousands of loci may affect quantitative traits such as body size (∼12,000 for human 
height21) and life histories and explain the missing heritability problem (that known loci often explain only 
a small proportion of variability in inheritance)21. Systems reported in plants and animals to have a smaller 
number of loci of large effect tend to explain relatively small proportions of the variance in quantitative traits and 
are often based on smaller sample sizes that may miss loci of weak effect22.

Empirical work shows that when the multiple loci affecting a trait are ordered by their effects on the 
phenotype, their effect sizes can often be reasonably described by an exponential distribution23, corroborating 
a prediction from Orr24 that can be traced back to Fisher25. This means our use of k loci of equivalent effect 
may mimic the behaviour of a larger number. For each of the 4 loci × 2 recombination-rate combinations, we 
generated 15,000 populations of size n = 1000 with randomly varying characteristics as described below, yielding 
120,000 simulated populations. A population size of n = 1000 is in line with effective population sizes reported 
in natural populations: Waples et al.26 report a mean effective population size of 464 ± 133 for n = 63 species of 
plants and animals, although population sizes in nature can vary over orders of magnitude (also see Discussion).

Populations were assigned a fixed set of starting conditions by randomly drawing values from five probability 
distributions that define a population’s characteristics and selection regimes (Table 1, Methods): the within-
population variance of the phenotypic trait in natural populations (σ2

T ), heritability of the trait (h2), the 
strength of within-population selection (ω, smaller values indicating stronger selection around the optimum), 
the amount by which the environmental optimum changed every generation during the period of directional 
selection (∆env), and finally the amount of new variance in the phenotypic trait arising each generation owing 
to genetic mutation. The mutational variance is conventionally described as the ratio of the mutational variance 
to the environmental variance in the trait (σ2

m/σ2
e), where values in the range of 10−4 to 10−2 are commonly 

observed (e.g.,18,27, Methods). The probability distributions were derived from meta-analyses6,17,27,28 of natural 
and wild populations (Table 1).

This procedure means the 120,000 simulated populations numerically integrate over a space of phenotypes 
and selection regimes (σ2

T  × h2 × ω × σ2
m/σ2

e × ∆env) representative of those observed in natural populations 
while respecting their relative probabilities.

The simulations keep track of population phenotypic and genotypic means and variances during an initial 
period of stabilising selection (10,000 generations) followed by directional selection until the population goes 
extinct or survives 240,000 generations. The period of stabilising selection ensures populations are in mutation-
selection equilibrium. Information on the realised strength of directional selection, population size, and the 
number of generations a population survives is recorded throughout.

Simulation parameter Probability density Parameters, range References

Phenotypic variance Exponential 0.018, range 0.01–0.09 6,17,28

Heritability Weibull 1.6, 0.4, range 0.01 to 0.99 17

Mutational heritability, σ2
m/σ2

e Gamma 1.1, 0.004 27,29–31

Width of fitness function, ω Uniform 0–10 Values chosen to 
yield strengths 
of directional 
selection 
comparable to 
those previously 
reported6,28

Rate of environmental change Uniform 0–0.3

Table 1.  Parameter values in the simulation model.
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The numbers of loci in simulated genomes and the rate of recombination made very little quantitative 
difference to the results (Supplementary Tables S1–S3) and so unless otherwise specified we report all outcomes 
averaging over both factors. Preliminary simulations using between 1 and 50 loci returned results that converged 
on those with 100–5000 by around 50 loci (Table S4). The median number of generations to extinction and rate 
of phenotypic change for the simulations with 100–5000 loci were also captured in the interquartile ranges of 
results from the simulations with 1–50 loci. Sixteen simulations with very small ω (very strong selection around 
the optimum) went extinct prior to the onset of directional selection, leaving 119,984 populations for analysis.

We tested the simulation model against predictions2,32 regarding the size of genetic variances at their 
mutation-selection equilibrium during the period of stabilising selection and variations in population survival 
time as a function of the size of ω and found them in agreement with theory (Supplementary Text and Figure S1). 
We also assessed the intensity of our selection regimes and found they yielded strengths of directional selection 
comparable to those observed in field studies of natural populations (Supplementary Figure S1). Analytical and 
simulation modelling2,33 predict that the initial response to the onset of directional selection is a rapid increase 
in the phenotypic mean and an increase in the genetic variance over its equilibrium value, effects we also observe 
(Supplementary Figure S2).

Response to a directionally changing environmental optimum
How well can populations respond to a directionally changing environment? The median standardised rate of 
phenotypic change across all populations and selection regimes was ∆trait/σT

 = 0.056 trait sds per generation 
(Interquartile Range [IQR] = 0.030–0.103, 97.5th percentile = 0.37, Table 2; we use medians because distributions 
are skewed), or equivalently 5.6% of a trait sd per generation (Table 2). The upper range of phenotypic rates of 
change we observe includes the unusually high rates reported in some artificial-selection studies11–13. On the 
other hand, and consistent with previous results2, the number of generations a population survives directional 
selection falls away rapidly as the pace of environmental change increases (Fig. 1a). The median time to extinction 
= 141 generations (IQR = 79–326), and long-term survival is common only for populations experiencing slow 
rates of environmental change.

The number of generations a population survives falls rapidly with increasing rate of environmental 
change (Fig. 1a) because the population phenotypic means increasingly fail to keep up with the environmental 
optimum (Fig. 1b): phenotypic lag, measured as the average number of trait sds the population’s phenotypic 
mean is behind the environmental optimum per generation until extinction, is close to zero – indicating that 
populations are keeping up with the environmental optimum – only for very slow rates of environmental change 
(Fig. 1b), but then rises almost linearly with ∆env/σT

 (Fig. 1b). That is, for anything other than the slowest 
rates of environmental change, populations lag each generation by roughly the same amount the environment 
is changing. The consequences of this lag are that mortality following selection climbs quickly (Fig. 1c), the 
number of generations a population is expected to survive drops at faster than a logarithmic pace once lag 
exceeds even a very small amount (Fig. 1d), and extinction can occur precipitously (Supplementary Figure S2). 
Variation in the strength of selection ω and the pace of environmental change, with smaller contributions from 
heritability and the size of the mutational and equilibrium genetic variances, combine to explain 81% of the 
variation in the pace of phenotypic change (R2 = 0.81), 66% of the proportion of the population that survive and 
75% of the number of generations to extinction (Supplementary Tables S5-S8).

The median population survival time of 141 generations (Table 2) is likely to be an overestimate of what 
natural populations can achieve: the simulations return populations to carrying capacity each generation 
(Methods), meaning that extinction only occurs when mortality owing to failure to keep up with the changing 
environment is so great as to bring about the extinction of the entire population in one generation. But data 
from 16 Classes of animal plus phytoplankton34 suggest that few populations can recover from greater than 50% 
mortality in a generation (Supplementary Text and Figure S3). When we use this figure as a cut-off point for 
extinction, the median rate of phenotypic change drops to 0.033 (IQR = 0.017–0.058), and the median number 
of generations until extinction is 47 (IQR = 25–113, Table 2).

The maximum sustainable rate of change for a population
A small number of the simulated populations (n = 6158 of 119,984, 5.1%) tracked the environment and survived 
indefinitely (240,000 generations of directional selection). The median rate of environmental change for this 
group was ∆env/σT

= 0.030738 sds per generation (IQR = 0.0117–0.0661) and, as expected, the median rate 

Sample

Generations to 
extinction, median 
(IQR)

∆trait  sds per generation, 
median (IQR)

Generations to 50% 
population mortality,
median (IQR)

∆trait  sds per 
generation 50% 
mortality, median 
(IQR)

kcsds per 
generation, 
median (IQR)

All populations
N = 119,984
(median σ2

m/σ2
e  =0.0038)

141
(79–326)

0.056
(0.030–0.103, 97.5th = 0.37)

47
(25–113)

0.033
(0.017–0.058) NA

Survivors n = 6158
(median σ2

m/σ2
e  =0.0078)

Adjusted for σ2
m/σ2

e *
240,000

0.030735
(0.011–0.066)
0.019*
(0.007–0.052)

98,905
(38,443 − 167,242)

0.030
(0.011–0.061)

0.022
(0.008–0.056)
≤ 50%mortality

0.021
(0.008–0.053)

Table 2.  Generations to extinction and rates of environmental and phenotypic change. * adjusted to give 
survivors the same average mutational heritability as the full sample (see text).

 

Scientific Reports |        (2025) 15:43116 3| https://doi.org/10.1038/s41598-025-24445-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of phenotypic adaptation is only negligibly slower at ∆trait/σT
 = 0.030735 (IQR = 0.011–0.066; Table 2). 

This provides an estimate of the maximum sustainable rate of phenotypic change of approximately 3% of a 
phenotypic sd per generation, or roughly 33 generations to change 1 sd and is similar to the value we observe 
when restricting populations to 50% or more survival.

The value of approximately 3% (IQR ∼ 1–6%) is not highly sensitive to the number of generations used 
to define “indefinite survival”, but the degree of environmental tracking is. The surviving populations lag 
the optimum (∆env/σT

− ∆trait/σT
) by approximately 3 × 10−6 sds per generation. By comparison, among 

populations that survived for at least 10,000 generations of directional selection (n  =  6762) the median 
∆env/σT

= 0.0319 (IQR  =  0.012–0.067) and the median ∆trait/σT
= 0.0312 (IQR  =  0.012–0.067), or 

approximately 0.0007 sds of lag per generation, greater than two orders of magnitude larger. The degree of lag 
might seem small, but as Fig. 1d shows populations that survive 10,000 generations or fewer are in a region of 

Fig. 1.  Responses to environmental change. (a) Median (red dots) and range (blue) of generations 
to population extinction versus ∆env  per generation expressed in units of standard deviations of the 
phenotypic trait (‘trait-scaled’) and divided into bins with equal numbers of populations per bin. Note x-axis: 
∆env/σT ∼ 7 bin not shown; over 98% of the environmental rates fall below 2.0 sds per generation; (b) 
Median standardised lag (red dots) and range (blue dots) measured as the trait-scaled difference per generation 
between the environmental optimum and the phenotypic mean during the period of directional selection 
divided into bins with equal numbers of populations per bin: phenotypic change lags behind ∆env/σT  (the 
solid 1:1 line) except for very low rates of environmental change where lag ∼ 0; (c) Median (red) and range 
(blue) of within-population mortality measured at generation 47 (the median number of generations to reach 
50% population mortality) versus standardised lag; (d) Median (red) and range (blue) of the populations’ 
expected survival times versus standardised lag. Generations to extinction plummets at faster than a linear 
pace with increasing lag (best fitting log-log curve – not shown): log(time to extinction) = 4.17 − 0.70 ×
log(standardised lag); best fitting quadratic curve:  log(time to extinction) = 4.0 − 0.91 × log(standardised lag) − 
0.018 × log(standardised lag)2, R2 = 0.83; the significant quadratic term (p < 0.0001, two-tailed) indicates that 
the rate of decline accelerates with increasing lag.
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lag per generation in which long-term survivorship falls logarithmically with increasing pace of environmental 
change.

Based on these analyses, we focus on the populations that tracked environmental change indefinitely (240,000 
generations) as an unambiguous definition of sustained adaptation – all other populations will go extinct from 
lagging behind the optimum. In this context, even the ∼3% figure characteristic of this group may give a biased 
picture of how rapidly a typical natural population can adapt: the surviving populations are not a random subset 
of the simulated populations and so may differ from typical populations in characteristics related to long-term 
adaptation. That turns out to be the case. As a group, survivors had an approximately 2-fold greater input of new 
genetic variance from mutation per generation than the remaining populations, a key factor in the creation of 
variance for selection to act on: survivors’ median σ2

m/σ2
e  = 0.0078 versus 0.0038 for the remaining populations.

To adjust for this difference in mutation rates, we weighted the surviving populations’ rates of phenotypic 
change by the probability of their mutation scalar (σ2

m/σ2
e) and numerically integrated over the sample of 

surviving populations:

	
∆trait/σT (adjusted) =

∑
p

(
σ2

m

/
σ2

e

) (
∆trait/σT

|σ2
m

/
σ2

e

)/∑
p

(
σ2

m/σ2
e

)
� (1)

where p(σ2
m/σ2

e ) is the probability of observing a given mutation scalar as determined from the σ2
m/σ2

e  
probability density distribution, and the summation is over all n = 6158 surviving populations. The calculation 
yields a median ∆trait/σT

(adjusted) = 0.019 (IQR  =  0.006–0.055; Table  2). This is the rate of ∆trait/σT
 

expected for surviving populations with the same input of genetic variance each generation as samples with 
mutational variances representative of natural populations.

Theoretical estimate of the sustainable rate of phenotypic change
Quantitative genetic theory2 provides an estimate of the maximum rate of environmental change beyond which 
a population will go extinct, denoted kc for the critical (or maximum) rate. Species whose rates of phenotypic 
adaptation are less than kc will be able to sustain those rates (barring extinction from stochastic effects), otherwise 
they will be on a trajectory to extinction owing to mortality and loss of genetic variance (Supplementary Figure 
S2). The estimator does not make use of information on the rates of environmental and phenotypic change, or 
the amount of new variance obtained each generation from mutation. It can be estimated in the present setting 
from:

	

kc ∼
σ2

g

σ2
g + Vs

√√√√(Vs + σ2
g) loge

[
Noω√
Vs + σ2

g

]
� (2)

where σ2
g  is the genetic variance as observed at the mutation-selection balance equilibrium, Vs = ω2 + σ2

e , 
and No = the number of offspring per surviving parent, calculated here as the expected number of offspring 
under random mating with replacement and given that we return populations to their carrying capacity each 
generation. The derivation of kc assumes that mean population fitness is high enough during the period of 
environmental change that the effective population size is constant2.

Estimating kc from Eq. 2 within the populations that survive indefinitely (across all population characteristics 
and selection regimes) and scaling it by the trait sd yields a median kc= 0.022 (IQR = 0.008–0.056; Table 2). 
Restricting these surviving populations to less than 50% mortality, the median kc falls slightly to 0.021 
(IQR = 0.008–0.053, Table 2; ∼70% of kc values ≤ 0.04). This is pleasingly close to (and appropriately just larger 
than) the median rate of 0.019 sds per generation that we observe in the surviving populations when rates of 
mutation are adjusted to be representative of natural populations (Table 2, bold).

Field data reveal comparable rates of phenotypic change
Using data available from an extensive and carefully curated meta-analysis10 of phenological changes in warming 
climates (Methods), we calculated the rate at which standardised phenotypic means changed per annum for 
thirty-seven populations studied for a median of twenty-nine years (Fig. 2a,b, none of these data was used in 
setting the input parameters of the simulation model). Phenotypic traits included laying dates, arrival times, 
incubation times and nesting times (all but one of the studies was on birds).

Twenty-five of the thirty-seven (all bird species) show phenology advancing (positive rates, Fig. 2a) and 
at a median rate of 0.022 standard deviations per annum (IQR = 0.008–0.0436, range ~ 0 to 0.11, n = 25). 
Assuming an average generation length in these species of 2–4 years, a 0.022 change per annum implies a 
median per generation change of 0.044 to 0.088 standard deviations (i.e., 11 to 23 generations to produce one 
standard deviation). These fall at the 68th and 86th percentiles respectively of the kc distribution. Assuming 
these changes are genetically based, we might therefore suspect that these species are, on average, already being 
made vulnerable to environmental changes, and this is consistent with the conclusions of a previous meta-
analysis of these populations10 that indirectly estimated kc for these species. It might also suggest that species 
with generation times longer than four years will begin to fall outside our plausible ranges.

  
Individually some of the twenty-five species in Fig. 2a are changing at rates that exceed all but the upper range 

of phenotypic rates we observe among survivors in our simulations. The most rapidly evolving population, a 
species of Eurasian owl (Otus scops) was studied over just seven years and is advancing its phenology at ~ 0.11 
standard deviations per annum or ~ 0.22 standard deviations or more per generation given its approximately 
two-year generation time, a rate of change that puts it in league with artificial selection studies that artificially 
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maintain population sizes. Some or all of this change might be attributable to phenotypic plasticity (see Discussion 
for more on phenotypic plasticity), but a changing environment can itself initially increase the genetic variance 
in fitness35. Consequently a possible genetic explanation for the rapidly changing populations in Fig. 2b is that 
they have not been studied for very long and so may still have reserves of genetic variance to fuel change: the 
longer the 25 populations with advancing phenology had been studied the slower their rate of phenotypic change 
(Fig. 2b; as directional series, these points do not suffer from the rate/generation artefact36). The curve in Fig. 
2b predicts a long-term rate of change around 0.01 sds per annum or roughly 0.02 to 0.04 sds per generation for 
most bird species, which falls comfortably in the middle of our predicted maximum sustainable rates.

For comparison, the rate of phenotypic change declines similarly to Fig. 2b with the length of the time a 
population was studied across 13 datasets that Arnold37 (Table 14.1 therein) reports, and the predicted rate of 
change is 0.015 sds per generation for the longest time-series. Hendry and Kinnison38 report (their Table 1) a 
median standardised phenotypic change for 31 populations, including bird and fish species, of 0.055 (IQR = 
0.024–0.382) across 1 to 111 generations. The rate of change drops with the number of generations a population 
was studied (as in Fig. 2b) according to a power law (r = 0.88) such that confining the analysis to populations 
studied greater than twenty generations yields a median rate of change of 0.0185 (IQR = 0.007–0.038; n = 12), 
very similar to the distribution of kc (Table 2).

A 60-year study39 within a single species is consistent with the 0.02–0.04 range and the suggestion that they 
could be under strong selection. Great Tits’ (Parus major) mean laying dates in the Spring have been advancing 
since 1960 and at a rate of 0.021 sds per annum (Fig. 2c; see also an earlier study from this group40). Their 
advancing phenologies are thought to be in response to increasing mean temperatures and the availability of 
caterpillars, which are appearing earlier in the season40. Generation length is around two years in Great Tits, 
suggesting these birds might need to lay their eggs 0.04 to 0.06 sds earlier per generation, values that fall in the 
65th to 76th percentiles of the surviving populations’ kc distribution (an earlier modelling study estimated kc 
indirectly for this Great Tit population41 and concluded they could survive “mild” rates of climate change but 
that higher rates of change would exceed their capacities to adapt). Within-population variances in the 60-year 
study have declined roughly 50% over time (Fig. 2d), and possibly more rapidly at first, perhaps suggesting they 
are under strong selection. Alternatively, the authors of the 60-year field study39,40,42 suggest that phenotypic 
plasticity can account for the trend of phenotypic changes observed so far (and see Discussion). An analysis43 
with parameter values tailored to Schneider’s toad (Rhinella diptycha) estimated the mean kc at 0.037 ± 0.009, a 
value that falls at the 66th percentile of the kc distribution in Table 2.

Fig. 2.  Comparisons to field data. (a) distribution of rates of phenological change in standard deviations per 
annum, data from reference10; (b) rates of long-term phenological change versus number of years studied. 
Blue dots are studies with advancing phenologies (n = 25, all bird species, some red dots obscure blue dots); 
(c) population mean standardised laying dates by year for Great Tits (Parus major), slope for sixty-year period 
=−0.021, p < 0.006; dashed line excludes first four years, slope = −0.029, p < 0.0004, data from reference 39 (d) 
population phenotypic variance by year for Great Tit populations, linear effect p < 0.0007, years1/2 effect p < 
0.0001 (dashed line). Data from B. Sheldon, pers comm.
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Discussion
Theoretical estimates of the maximum rate of sustainable phenotypic change and the field data we present are 
consistent with our findings that species’ genetic capacities to respond to a changing climate may be largely 
confined to ≤2–4% of a trait sd per generation. Applying the 2–4% range, keeping up with climate change at 
the rates observed in the field data discussed in the previous section might not yet pose serious problems for 
species with one or more generations per annum, at least on average. But for many longer-lived and typically 
more slowly reproducing species, phenotypic adaptation might prove a challenge. We estimate this to include 
most species with generation times greater than around three to four years, and even those with generation 
times of two to four years might already be falling behind environmental change. A species such as the polar 
bear (Ursus maritimus) has shown great adaptability44, but climate-change-induced loss of sea ice is asking it 
rapidly to acquire the capability to swim long-ranges without respite45 – a tall order for a species with an 11-year 
generation time.

Evidence increasingly points to the Earth’s warming climate outstripping many species’ capacities to adapt. 
One recent estimate suggests somewhere between 14 and 32% of macroscopic species could face extinction 
in the next 50 years46. Tree phenological responses are beginning to slow47 and tropical forests are failing to 
track environmental changes48. A survey of plants, arthropods and birds in the Arctic, where conditions may be 
changing most rapidly, found hints that some taxa may have reached the limits of their phenological responses49 
and advanced egg-laying dates in some bird species are associated with increased chick mortality50. Given 
that the climate has been changing directionally for at least the past 60 years by amounts sufficient to produce 
measurable effects on species’ phenologies, many species’ capacities for sustained adaptation may already be 
substantially diminished or perilously trailing behind environmental optima.

Several features of our simulations may affect the generality of our conclusions. We do not model epistasis 
or dominance. Crow16, Hill and colleagues51, and Barton and Keightley14 suggest that most of the relevant 
genetic variance will be additive, diminishing the roles of these two factors. That, and the distributional 
normality of many quantitative traits is consistent with additivity of effects. We have modelled a constant 
rate of environmental change. It has previously been shown that random environmental variation around a 
directionally changing optimum generally reduces population survival time and especially when directional 
selection is weak and environmental variation is large2. The role of climatic events could be modelled by drawing 
environmental changes from fat-tailed distributions such as the Levy or stable distributions (of which the Levy 
is a special case). We have not studied migration. Local migrant populations will be undergoing similar degrees 
of directional selection and so may not bring substantial new genetic variance, or even have diminished variance 
from selection52. Migration along, for example, latitudinal climate gradients might mean that migrants simply 
replace local populations53 but do so having become extinct in their previous habitat.

By modelling one trait we have assumed that directional change in the phenotype can proceed indefinitely, 
unhindered by correlations between traits under selection and other traits of the organism. In real biological 
settings, correlations among phenotypic traits will limit how much and at what rate species can change and 
still retain fit phenotypes. We do not suggest that any species could adapt at 2% per generation for 240,000 
generations, although, experiments with maize13 and with Drosophila11,12 have produced 10–27 or more standard 
deviations of change, with phenotypes remaining fit so long as selection is maintained. But this misses the point 
that most species confronted with a sustained directionally changing environment are not expected to live long 
– the median time to extinction across the conditions we analysed was 141 generations, and this dropped to 47 
when we restricted populations to having 50% or more survival each generation.

We simulated populations of size n = 1000. Bürger and Lynch2 suggest that when rates of environmental 
change are high (approaching kc), population size has little effect on the risk of extinction. But when the 
environment changes slowly, larger populations may have a much lower risk of extinction because stochastic 
processes (e.g., neutral or genetic drift) are diminished. Species with very large population sizes tend to be those 
with short generation times (> 1 or even > > 1 per annum) and so, as mentioned, may be at much less risk of 
a changing climate anyway. We have not investigated systems with a small number of loci of large effect. Our 
preliminary work (Supplementary Table S4) suggests that rates of phenotypic change slow when the number 
of loci falls below approximately 10–20 and this makes populations more vulnerable to extinction. Large-
scale GWAS’ such as have been brought to bear on other quantitative traits will be required to determine how 
widespread or representative these “large-effect loci” systems are.

We have not included phenotypic plasticity in our analyses. While it can promote responses to a changing 
climate, a general model of its genetic architecture and expression54 assumes that the gene by environment 
interaction (the plastic response) takes the form of a linear reaction norm. The model compares the slope of the 
phenotypic response to environmental change (denoted b) to the slope of how the phenotypic optimum changes 
with the environment (denoted B), assumes b is invariant across individuals with different genotypes, remains so 
under sustained directional selection and in extreme environments, and is without cost. When the phenotypic 
and phenotypic-optimum slopes are similar (as suggested for Great Tits40,42) the predicted maximum rates of 
environmental change can be remarkable: Great Tit laying dates are predicted to be capable of accommodating 
a nearly 0.5◦C per annum increase in temperature42, and the Schneider’s toad (Rhinella diptycha43) is predicted 
to be able to manage a 1◦C annual increase. These estimates are 25 to 50 times the current global mean rate of 
warming of ∼0.02◦C per annum and greatly exceed rates of change observed in artificial selection studies.

On the other hand, it is a feature of this model that plasticity’s effect on kc only really begins to be substantial 
as b → B43, and the model predicts intermediate values of kc when there are costs to plasticity54. For example, the 
maximum rate of increase in temperature for Great Tits is predicted to fall to 0.028°C per annum when b = 042. 
Although the existence of phenotypic plasticity in promoting phenotypically (facultatively) adaptive responses 
is not in doubt55,56, the relationship between b and B is seldom known or reported. Chevin et al.54 comment that 
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“more information is needed about plasticity and its inheritance in extreme environments before the evolution 
of plasticity can be included in the analysis of persistence under sustained environmental change”.

With the current state of understanding, the presence and effects of phenotypic plasticity need to be examined 
on a case-by-case basis (e.g.,40,42,43) and although plasticity can buy time it cannot be assumed that it will always 
ride to the “evolutionary rescue”. In a review of avian plastic responses, Charmantier57 concludes (p15) “while 
plasticity seems common and often adaptive, no study so far has provided direct evidence for an evolutionary 
[i.e., genetic] response of bird phenology to current climate change”. Kooyers et al.55 discussing plants agree, 
saying (p481), “While plasticity is consistently observed among all focal species, plasticity alone does not seem 
sufficient to allow adjustment to the multitude of factors changing during climate change.” Arnold et al. conclude 
that evidence for directional selection acting on [genes for] phenotypic plasticity itself is “sparse”58, and in some 
instances plasticity can impede an adaptive response, such as reported for the response to a temperature cline 
among seasonally adapted butterflies59 (and see also ref 55 for examples in plants such as Clarkia xantiana, the 
Gunsight Clarkia). These considerations make estimates of the expected genetic response to directional change a 
relevant ‘yardstick’ for a consideration of species’ capacities and vulnerabilities, although it must be allowed that 
in any given circumstance, particular features of genes, modifiers, and mutational variances could conspire to 
produce populations capable of adapting at higher, or being limited to lower, rates than we typically find.

On top of affecting individual species, climate change alters entire ecosystems by restructuring the complex 
and fragile webs of relationships among species that allows the system to be stable. Each of these interactions 
potentially represents an agent of selection that itself will be influenced by, for example, a changing climate. 
Robert May60 showed over 50 years ago that for ecosystems to have a high probability of being stable against 
perturbations in species’ population sizes, the average influence species have on each other must be small and 
grow smaller roughly proportional to aij < 1/n1/2, where aij  is the influence of species i on species j and 
n is the number of species in the ecosystem: large stable ecosystems require that most interactions are weak. 
May’s analytical results generalise simulation studies61 and have been verified in meta-analyses of large complex 
ecosystems62.

May noted that the transition from a stable to an unstable ecosystem linked to changes in the aij is “very 
sharp”, and especially so the larger the number of species. With many interacting species, the web of direct and 
indirect influences is so complex as to defy simple intuitions about the effects of even small changes to the aij . 
The significance of this for climate change studies is that a directionally changing climate will mean some species’ 
population sizes dwindling, with knock-on effects on the strengths of their interactions (the size of the aij) 
with other species – interactions that in many cases will be required for survival, such as among predators and 
prey or food sources more generally. This could provide an explanation for why shifts in ecosystems are often 
catastrophic rather than gradual63. Or as Kareiva32 has remarked more trenchantly, ‘‘It would not be surprising 
to see entire patterns of community organization jumbled as a result of global change’’.

Generalising methods such as we have used here to examine species adapting within ecosystems that comprise 
sets of species with differing responses to a changing climate and varying degrees of connection could yield 
important insights. For example, under the influence of a directionally changing climate we might expect to see 
ecosystems evolving toward smaller sets of species which do not or only weakly rely on each other for survival. 
Such reduced ecosystems could emerge naturally as the survivors in a newly unpredictable or extreme world.

Methods
The simulation model
We simulate the evolution of a quantitative trait evolving under stabilising and directional selection in a 
population of n diploid individuals. An individual’s genotypic trait value is given by the sum of the effects of 
the alleles within and then over the k loci that comprise its genome, with no dominance or epistasis, yielding 
a genotypic variance across individuals denoted by σ2

g . We use k = 100, 500, 1000, and 5000 loci reflecting the 
recognition that large numbers of loci may affect quantitative traits such as body size and life histories21. Because 
loci may often follow something like an exponential distribution in their effects on quantitative traits23, our use 
of k equivalent loci may mimic the behaviour of a larger number.

The phenotype is obtained by adding a random environmental element with a mean of zero and variance 
σ2

e  to the genotypic value. The environmental effects are equally likely to increase or decrease the value of the 
trait, and the expected mean genotype is the same as the expected mean phenotype. The population variance 
in the quantitative trait, σ2

T , is then the sum of the genetic (σ2
g) and environmental (σ2

e ) variances across the n 
individuals: σ2

T = σ2
g + σ2

e .

Selection
We apply selection to the phenotypic values of the individuals within a population via a Gaussian fitness function 
with some optimal value θ and specified standard deviation of fitness, σω , where the parameter ω corresponds 
to the parameter used in the simulations. Other things equal, smaller standard deviations of the fitness function 
produce stronger selection within populations and vice versa by altering the rate at which fitness declines away 
from the current optimum. We scale the Gaussian function so that phenotypes at the optimum have a fitness of 
1. An individual’s probability of survival is given by their fitness and modelled as a coin-toss with a probability of 
‘heads’ (survive) equal to the fitness of the trait. This means that any phenotype can survive but some are more 
likely to than others.

Reproduction
To create the next generation, survivors are sampled with replacement and then undergo mating between random 
pairs. Each parent produces two haploid gametes with mutation and with recombination among alleles (below). 
An offspring’s genetic component of the trait is assembled from the two randomly chosen gametes (parents 

Scientific Reports |        (2025) 15:43116 8| https://doi.org/10.1038/s41598-025-24445-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


cannot mate with themselves). The genotypic value is augmented by a component of random mutation drawn 
from a distribution with a mean of zero and a variance of σ2

m (see below). Finally, a new random environmental 
component is added to yield σ2

T = σ2
g + σ2

m + σ2
e . This random mating process is repeated until the population 

is returned to n individuals, meaning some survivors by chance produce more offspring than others, with 
recombination and mutation occurring independently every time a parent produces gametes. Mutated loci are 
then inherited in the offspring of survivors.

Mutation
The mutational model draws on prior theoretical work developed to understand the long-term persistence 
of populations undergoing directional selection2,64–66. The probability that an allele at a locus mutates is 
µm = 1 × 10−4. Loci are assumed to comprise many nucleotides whose individual mutation rates would be far 
lower. The mutation rate is fixed across loci unlike in some models in which µm is allowed to vary67,68. We draw 
the number of mutations per haploid genome from a Poisson distribution with mean kµm. The loci chosen to 
mutate are picked at random (typically no more than one locus mutates). This process is repeated independently 
in both haploid genomes, yielding a genomic mutation rate of 2kµm.

Allelic effects (the effect on the phenotype of a mutation at a locus) in mutated loci are drawn from a Gaussian 
distribution with mean = 0 and variance given by m2, where m2 is chosen such that 2kµmm2 = σ2

m, where σ2
m 

is the new variance added by mutation. A common observation is that the mutational variance is on the order of 
10−2 to 10−4 of the environmental variance σ2

e
18,27,30,31,69. Measurements of σ2

m/σ2
e  ratios are available from the 

literature (below) and thereby provide a probability distribution of ‘mutation scalars’ that guide the choice of m2.
For a given σ2

m, when the number of loci (k) is small, there are fewer mutations but each one is of larger 
individual variance (m2), and vice versa. This framework ensures that our simulations have the same expected 
σ2

m for differing numbers of loci and is consistent with the estimation of mutational variances in laboratory 
studies where the number of loci that affect the phenotypic trait is rarely known. Drawing allelic effects from a 
continuous distribution simulates the continuum-of-alleles model70, which can permit more change in the limit 
than models with a finite number of alleles67.

Recombination
Recombination events between each parent’s two haploid genomes are drawn from a Poisson distribution 
with mean µr . In preliminary work, we found that values of recombination µr  = 3 (90% range 1–5 events per 
haploid genome) or 5 (90% range = 2–8) yielded the largest genetic variances and rates of phenotypic change 
under directional selection and mimic a quantitative trait whose loci are distributed among several (or more) 
chromosomes. Larger values of µr  tended to homogenise genomes; smaller values evidently yielded fewer novel 
allele combinations and smaller genetic variances.

Stabilising and directional selection
Under stabilising selection, the optimal value of the trait remains constant at zero, and we assess phenotypes 
against the Gaussian fitness distribution centred at zero and of width (standard deviation) ω. To produce 
directional selection, we move the optimum value of the trait (the mean of the fitness function) by a fixed 
amount ∆env each generation independently of the population’s response.

Simulations run for 10,000 generations of stabilising selection (∆env  = 0), followed by directional selection 
(∆env > 0) until the population goes extinct or up to a maximum of 250,000 generations (10,000 stabilising 
generations plus 240,000 of directional selection). The upper limit of 250,000 generations was set based on 
preliminary work showing that populations surviving 240,000 generations of directional selection were tracking 
∆env  whilst those surviving fewer generations were falling behind and would therefore go extinct; although in 
the long run any population subjected to the effects of drift will eventually go extinct.

Characterisation of the simulated populations
We randomly generated 15,000 populations of size n = 1000 for each of the four categories of numbers of loci by 
two different rates of recombination yielding 120,000 simulated populations. Populations were randomly assigned 
a set of fixed starting conditions by independently sampling values from the probability distributions of five 
input variables: the within-population variance of the phenotypic trait in natural populations (σ2

T ), heritability 
of the trait (h2, broad sense, h2 = σ2

g/σ2
T ), the strength of within-population selection (ω), the amount by which 

the environmental optimum changed every generation during the period of directional selection, and finally the 
amount of new variance in the phenotypic trait arising each generation owing to mutation (σ2

m).
We derived the probability distributions of the phenotypic trait, heritability, and the size of the mutational 

variance relative to the environmental variance, σ2
m/σ2

e  – hereafter called the mutational scalar – from published 
meta-analyses6,17,27,28 (see below). The width of the fitness distribution within populations ω, although fixed 
for any given population, was varied uniformly from 0 to 10 across populations, and ∆env  ~ U(0–0.3) in a 
similar fashion; from preliminary testing, we found that these two ranges generated a distribution of strengths of 
directional selection comparable to those observed in empirical meta-analyses as described below.

We generated the starting conditions of the 120,000 simulated populations by repeatedly randomly sampling 
from the distributions of the five input variables. The values of the input variables are fixed for the entire 
simulation yielding a set of populations that numerically integrates over a space of possibilities (σ2

T  × h2 × ω × 
σ2

m/σ2
e × ∆env) that might be observed in nature.

Probability densities of model parameters
We derived the probability densities of the model’s parameters that we used in the simulations from published 
meta-analyses, as described below.
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Phenotypic variance
Hansen and Pelabon17 report n = 1539 phenotypic trait variances from field studies with values suitable for 
converting to an estimate of the variance on a logarithmic scale (to remove scale dependency). We converted 
these variances using the approximation σ2(log(x) [CV (x)]2), which is valid when CV (x) ≤ 0.371 where 
CV (x) is the coefficient of variation of the untransformed data. Data source: ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​4​6​/​​a​n​n​u​r​​e​v​-​e​
c​o​​l​s​y​s​-​0​​1​1​1​2​1​-​​0​2​1​2​4​1.

Several observations from the larger dataset had estimated heritabilities of traits less than 0 or greater than 
1, or estimated additive variances less than 0, and these were excluded. The distribution of n = 1539 phenotypic 
variances is approximately exponentially distributed with a mean of 0.017 and a range of ~ 0–0.09. Controlling 
for trait name (same trait in different studies) yields 499 observations with a mean of 0.022. Their weighted 
average is ~ 0.018.

We also extracted within-population phenotypic means and variances for traits reported in studies cited in a 
meta-analysis of directional selection in natural populations6,28. Data source: ​(​​​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​0​6​1​/​d​r​y​a​d​.​7​9​9​
6​​​​​)​. This yielded 1087 estimates of variance suitable for conversion to a log-scale (as above). As above, these were 
also approximately exponentially distributed, and with a mean of 0.020 and a range of ~ 0–0.09. Controlling for 
trait name yields n = 956 observations with a mean of 0.022.

Based on these empirical distributions, we drew input variances in the simulations randomly from an 
Exponential (0.018) distribution excluding draws < 0.01 to reduce ‘basement’ effects that might arise from 
neutral or genetic drift for very small variances and with an upper limit of 0.09. This returns a distribution with 
a median of about 0.022.

Heritability
Hansen and Pelabon17 report n = 2327 heritability estimates on 169 species drawn from ten biological Classes. 
The distribution of these heritabilities is described by a Weibull (shape = 1.6, scale = 0.4) distribution. Controlling 
for trait name yields n = 890 estimates with Weibull parameters shape = 1.53 and scale = 0.37. Data source: ​h​t​t​
p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​4​6​/​​a​n​n​u​r​​e​v​-​e​c​o​​l​s​y​s​-​0​​1​1​1​2​1​-​​0​2​1​2​4​1. We drew heritabilities in the simulations from a Weibull 
(1.6, 0.4).

 Mutational “heritabilities” σ2
m/σ2

e
A rule-of-thumb in quantitative genetics beginning with Alan Robertson in the 1950s29 is that the mutational 
variance is on the order of 10−3 of the environmental variance (i.e., σ2

m/σ2
e ∼ 10−3). More recent data suggests 

mutational variances typically fall in the range of 10−2 to 10−4 times the environmental variance27,30,31. A 
carefully curated meta-analysis of published studies reporting 163 mutational heritabilities (σ2

m/σ2
e ) from plants 

and animals27 yields an approximately exponential distribution with a median of 2.2 × 10−3 (controlling for 
species) and 95% range from 6 × 10−5 to 1.8 × 10−2. We get nearly identical results weighting the observations 
by the inverse of the standard error of the mutational heritability estimate. Data source: https://doi.org/10.6084/
m9.figshare.14913051.

We drew mutational heritabilities randomly from a Gamma (1.1, 0.004) yielding a mean of ~ 0.0044 and 95% 
interior range of ~ 0.0002 to 0.019. We used the Gamma because it is very similar to the exponential for these 
parameter values, but unlike the exponential distribution it has a mode, whereas the exponential does not. We 
prefer this distribution on the assumption that a mutation rate of zero is not the most frequently occurring in 
nature (as implied by an exponential fit). This creates a prior distribution on the mutational variance that has 
nearly all its area in the range of 10−2 to 10−4 of the environmental variance.

For comparison, mutational variances for 56 traits in plants and animals reported by Houle et al.31 are well-
characterised by a log-normal curve with a geometric mean of 0.0021 and a 95% range between 0.0001 and 0.03.

The strength of directional selection
The strength of directional selection, measured as the change in a proxy for fitness (such as litter size or clutch 
mass) for a one standard deviation change in the phenotypic trait (the standardised selection coefficient), is 
available for a sample of n = 2720 populations (we used only those studies that reported a slope > 0). Data source: 
https://doi.org/10.5061/dryad.79966,28. Selection on fitness itself would yield a slope of 1. Scaling the estimates 
of the proxies for fitness by their 99.5th percentile to yield a maximum of 1 provides a distribution well-
characterised by a log-normal curve with u = −2.56 and σ = 1.19. We randomly drew the strength of directional 
selection parameters used in the simulations from this distribution.

Field studies of phenological change
The data used in Fig. 2a,b are available in tabular form from Radchuk et al.10: ​h​t​t​p​s​:​​/​/​w​w​w​.​​n​a​t​u​r​e​​.​c​o​m​/​a​​r​t​i​c​l​​e​s​/​
s​4​1​​4​6​7​-​0​1​​9​-​1​0​9​2​​4​-​4​#​M​O​E​S​M​8.

The data on laying dates used in Fig. 2c are available from Cole et al.39: ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​6​0​8​4​/​m​9​.​f​i​g​s​h​a​r​e​.​
1​4​3​4​5​9​6​0​.​v​1​​​​​.​​

Data availability
The code used to generate the simulations, raw data output, and data for the Figures is available at ​h​t​t​p​:​/​​/​w​w​w​.​e​​
v​o​l​u​t​i​​o​n​.​r​e​​a​d​i​n​g​.​a​c​.​u​k​/​Q​u​a​n​t​i​t​a​t​i​v​e​G​e​n​e​t​i​c​/​R​e​p​o​s​i​t​o​r​y​.​z​i​p​.​​

Received: 13 June 2025; Accepted: 13 October 2025

Scientific Reports |        (2025) 15:43116 10| https://doi.org/10.1038/s41598-025-24445-2

www.nature.com/scientificreports/

https://doi.org/10.1146/annurev-ecolsys-011121-021241
https://doi.org/10.1146/annurev-ecolsys-011121-021241
https://doi.org/10.5061/dryad.7996
https://doi.org/10.5061/dryad.7996
https://doi.org/10.1146/annurev-ecolsys-011121-021241
https://doi.org/10.1146/annurev-ecolsys-011121-021241
https://doi.org/10.6084/m9.figshare.14913051
https://doi.org/10.6084/m9.figshare.14913051
https://doi.org/10.5061/dryad.7996
https://www.nature.com/articles/s41467-019-10924-4#MOESM8
https://www.nature.com/articles/s41467-019-10924-4#MOESM8
https://doi.org/10.6084/m9.figshare.14345960.v1
https://doi.org/10.6084/m9.figshare.14345960.v1
http://www.evolution.reading.ac.uk/QuantitativeGenetic/Repository.zip
http://www.evolution.reading.ac.uk/QuantitativeGenetic/Repository.zip
http://www.nature.com/scientificreports


References
	 1.	 Grant, L. et al. Global emergence of unprecedented lifetime exposure to climate extremes. Nature 641, 374–379. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​

.​1​0​3​8​/​s​4​1​5​8​6​-​0​2​5​-​0​8​9​0​7​-​1​​​​ (2025).
	 2.	 Bürger, R. & Lynch, M. Evolution and extinction in a changing environment: a quantitative-genetic analysis. Evolution 49, 151–163 

(1995).
	 3.	 Bonnet, T. et al. Genetic variance in fitness indicates rapid contemporary adaptive evolution in wild animals. Science 376, 1012–

1016 (2022).
	 4.	 Endler, J. A. Natural Selection in the Wild (Princeton University Press, 1986).
	 5.	 Lister, A. Rapid dwarfing of red deer on Jersey in the last interglacial. Nature 342, 539–542 (1989).
	 6.	 Kingsolver, J. G. et al. The strength of phenotypic selection in natural populations. Am. Nat. 157, 245–261 (2001).
	 7.	 Kingsolver, J. G. & Pfennig, D. W. Patterns and power of phenotypic selection in nature. Bioscience 57, 561–572 (2007).
	 8.	 Stuart, Y. E. et al. Rapid evolution of a native species following invasion by a congener. Science 346, 463–466 (2014).
	 9.	 Hereford, J., Hansen, T. F. & Houle, D. Comparing strengths of directional selection: How strong is strong? Evolution 58, 2133–

2143 (2004).
	10.	 Radchuk, V. et al. Adaptive responses of animals to climate change are most likely insufficient. Nat. Commun. 10, 3109 (2019).
	11.	 Yoo, B. Long-term selection for a quantitative character in large replicate populations of Drosophila melanogaster: II. Lethals and 

visible mutants with large effects. Genet. Res. 35, 19–31 (1980).
	12.	 Weber, K. Large genetic change at small fitness cost in large populations of Drosophila melanogaster selected for wind tunnel flight: 

rethinking fitness surfaces. Genetics 144, 205–213 (1996).
	13.	 Dudley, J. From means to QTL: The Illinois long-term selection experiment as a case study in quantitative genetics. Crop Sci. 47, 

S-20-S−31 (2007).
	14.	 Barton, N. H. & Keightley, P. D. Understanding quantitative genetic variation. Nat. Rev. Genet. 3, 11–21 (2002).
	15.	 Hill, W. G. Rates of change in quantitative traits from fixation of new mutations. Proc. Natl. Acad. Sci. 79, 142–145 (1982).
	16.	 Crow, J. F. On epistasis: Why it is unimportant in polygenic directional selection. Philosophical Trans. Royal Soc. B: Biol. Sci. 365, 

1241–1244 (2010).
	17.	 Hansen, T. F. & Pélabon, C. Evolvability: a quantitative-genetics perspective. Annu. Rev. Ecol. Evol. Syst. 52, 153–175. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​

r​​g​/​​1​0​.​1​1​​4​​6​/​a​n​n​​u​​r​e​v​-​e​​c​o​l​​s​y​​s​-​0​1​​1​​1​2​1​-​0​2​1​2​4​1 (2021).
	18.	 Lynch, M. The rate of morphological evolution in mammals from the standpoint of the neutral expectation. Am. Nat. 136, 727–741 

(1990).
	19.	 Pagel, M., O’Donovan, C. & Meade, A. General statistical model shows that macroevolutionary patterns and processes are 

consistent with darwinian gradualism. Nat. Commun. 13, 1–12 (2022).
	20.	 Landis, M. J. & Schraiber, J. G. Pulsed evolution shaped modern vertebrate body sizes. Proc. Natl. Acad. Sci. 114, 13224–13229 

(2017).
	21.	 Yengo, L. et al. A saturated map of common genetic variants associated with human height. Nature 610, 704–712 (2022).
	22.	 Bomblies, K. & Peichel, C. L. Genetics of adaptation. Proc. Natl. Acad. Sci. 119, e2122152119 (2022).
	23.	 Mackay, T. F., Stone, E. A. & Ayroles, J. F. The genetics of quantitative traits: challenges and prospects. Nat. Rev. Genet. 10, 565–577 

(2009).
	24.	 Orr, H. A. The population genetics of adaptation: The distribution of factors fixed during adaptive evolution. Evolution 52, 935–949 

(1998).
	25.	 Fisher, R. A. XV.—The correlation between relatives on the supposition of Mendelian inheritance. Earth Environ. Sci. Trans. Royal 

Soc. Edinb. 52, 399–433 (1919).
	26.	 Waples, R. S., Luikart, G., Faulkner, J. R. & Tallmon, D. A. Simple life-history traits explain key effective population size ratios 

across diverse taxa. Proc. Royal Soc. B: Biol. Sci. 280, 20131339 (2013).
	27.	 Conradsen, C., Blows, M. W. & McGuigan, K. Causes of variability in estimates of mutational variance from mutation accumulation 

experiments. Genetics 221, iyac060 (2022).
	28.	 Kingsolver, J. G. & Diamond, S. E. Phenotypic selection in natural populations: What limits directional selection? Am. Nat. 177, 

346–357 (2011).
	29.	 Clayton, G. & Robertson, A. Mutation and quantitative variation. Am. Nat. 89, 151–158 (1955).
	30.	 Dugand, R. J., Aguirre, J. D., Hine, E., Blows, M. W. & McGuigan, K. The contribution of mutation and selection to multivariate 

quantitative genetic variance in an outbred population of Drosophila serrata. Proc. Natl. Acad. Sci. 118, e2026217118 (2021).
	31.	 Houle, D., Morikawa, B. & Lynch, M. Comparing mutational variabilities. Genetics 143, 1467–1483 (1996).
	32.	 Kareiva, P. M., Kingsolver, J. G. & Huey, R. B. Introduction. In: Biotic Interactions and Global Change 1–6 (Sinauer, 1993).
	33.	 Hayward, L. K. & Sella, G. Polygenic adaptation after a sudden change in environment. Elife 11, e66697 (2022).
	34.	 Sibly, R. M., Barker, D., Denham, M. C., Hone, J. & Pagel, M. On the regulation of populations of mammals, birds, fish, and insects. 

Science 309, 607–610 (2005).
	35.	 Shaw, R. & Shaw, F. Quantitative genetic study of the adaptive process. Heredity 112, 13–20 (2014).
	36.	 Gingerich, P. D. Rates of Evolution: A Quantitative Synthesis (Cambridge University Press, 2019).
	37.	 Arnold, S. J. Evolutionary Quantitative Genetics (Oxford University Press, 2023).
	38.	 Hendry, A. P. & Kinnison, M. T. Perspective: The pace of modern life: measuring rates of contemporary microevolution. Evolution 

53, 1637–1653 (1999).
	39.	 Cole, E. F., Regan, C. E. & Sheldon, B. C. Spatial variation in avian phenological response to climate change linked to tree health. 

Nat. Clim. Change. 11, 872–878 (2021).
	40.	 Charmantier, A. et al. Adaptive phenotypic plasticity in response to climate change in a wild bird population. Science 320, 800–803 

(2008).
	41.	 Gienapp, P. et al. Predicting demographically sustainable rates of adaptation: Can great tit breeding time keep pace with climate 

change? Philosophical Trans. Royal Soc. B: Biol. Sci. 368, 20120289 (2013).
	42.	 Vedder, O., Bouwhuis, S. & Sheldon, B. C. Quantitative assessment of the importance of phenotypic plasticity in adaptation to 

climate change in wild bird populations. PLoS Biol. 11, e1001605 (2013).
	43.	 Diniz-Filho, J. A. F. et al. A macroecological approach to evolutionary rescue and adaptation to climate change. Ecography 42, 

1124–1141 (2019).
	44.	 Laidre, K. L. et al. Glacial ice supports a distinct and undocumented Polar bear subpopulation persisting in late 21st-century sea-

ice conditions. Science 376, 1333–1338 (2022).
	45.	 Durner, G. M. et al. Consequences of long-distance swimming and travel over deep-water pack ice for a female Polar bear during 

a year of extreme sea ice retreat. Polar Biol. 34, 975–984. https://doi.org/10.1007/s00300-010-0953-2 (2011).
	46.	 Wiens, J. J. & Zelinka, J. How many species will Earth lose to climate change? Glob. Change Biol. 30, e17125 (2024).
	47.	 Qiao, Y. et al. Accelerating effects of growing-season warming on tree seasonal activities are progressively disappearing. Curr. Biol. 

33, 3625–3633 (2023).
	48.	 Aguirre-Gutiérrez, J. et al. Tropical forests in the Americas are changing too slowly to track climate change. Science 387, eadl5414 

(2025).
	49.	 Schmidt, N. M. et al. Little directional change in the timing of Arctic spring phenology over the past 25 years. Curr. Biol. 33, 

3244–3249 (2023). e3243.

Scientific Reports |        (2025) 15:43116 11| https://doi.org/10.1038/s41598-025-24445-2

www.nature.com/scientificreports/

https://doi.org/10.1038/s41586-025-08907-1
https://doi.org/10.1038/s41586-025-08907-1
https://doi.org/10.1146/annurev-ecolsys-011121-021241
https://doi.org/10.1146/annurev-ecolsys-011121-021241
https://doi.org/10.1007/s00300-010-0953-2
http://www.nature.com/scientificreports


	50.	 Shipley, J. R. et al. Birds advancing lay dates with warming springs face greater risk of chick mortality. Proc. Natl. Acad. Sci. 117, 
25590–25594 (2020).

	51.	 Hill, W. G., Goddard, M. E. & Visscher, P. M. Data and theory point to mainly additive genetic variance for complex traits. PLoS 
Genet. 4, e1000008 (2008).

	52.	 Anderson, J. T. et al. Adaptation and gene flow are insufficient to rescue a montane plant under climate change. Science 388, 
525–531 (2025).

	53.	 Ramírez-Barahona, S. et al. Upslope plant species shifts in Mesoamerican cloud forests driven by climate and land use change. 
Science 387, 1058–1063 (2025).

	54.	 Chevin, L. M., Lande, R. & Mace, G. M. Adaptation, plasticity, and extinction in a changing environment: towards a predictive 
theory. PLoS Biol. 8, e1000357 (2010).

	55.	 Kooyers, N. J. et al. Responses to climate change–insights and limitations from herbaceous plant model species. New Phytolog. 
https://doi.org/10.1111/nph.70468 (2025).

	56.	 Rushworth, C. A., Wagner, M. R., Mitchell-Olds, T. & Anderson, J. T. The Boechera model system for evolutionary ecology. Am. J. 
Bot. 109, 1939–1961 (2022).

	57.	 Charmantier, A. & Gienapp, P. Climate change and timing of avian breeding and migration: evolutionary versus plastic changes. 
Evol. Appl. 7, 15–28 (2014).

	58.	 Arnold, P. A., Nicotra, A. B. & Kruuk, L. E. Sparse evidence for selection on phenotypic plasticity in response to temperature. 
Philosophical Trans. Royal Soc. B. 374, 20180185 (2019).

	59.	 Nielsen, M. E., Nylin, S., Wiklund, C. & Gotthard, K. Evolution of butterfly seasonal plasticity driven by climate change varies 
across life stages. Ecol. Lett. 26, 1548–1558 (2023).

	60.	 May, R. M. Will a large complex system be stable? Nature 238, 413–414. https://doi.org/10.1038/238413a0 (1972).
	61.	 Gardner, M. R. & Ashby, W. R. Connectance of large dynamic (cybernetic) systems: critical values for stability. Nature 228, 784–

784 (1970).
	62.	 Jacquet, C. et al. No complexity–stability relationship in empirical ecosystems. Nat. Commun. 7, 12573 (2016).
	63.	 Scheffer, M., Carpenter, S., Foley, J. A., Folke, C. & Walker, B. Catastrophic shifts in ecosystems. Nature 413, 591–596 (2001).
	64.	 Bürger, R., Wagner, G. P. & Stettinger, F. How much heritable variation can be maintained in finite populations by mutation–

selection balance? Evolution 43, 1748–1766 (1989).
	65.	 Charlesworth, B. Directional selection and the evolution of sex and recombination. Genet. Res. 61, 205–224 (1993).
	66.	 Lynch, M. & Lande, R. Evolution and Extinction in Response To Environmental Change 235–250 (Sinauer, 1993).
	67.	 Cockerham, C. C. & Tachida, H. Evolution and maintenance of quantitative genetic variation by mutations. Proc. Natl. Acad. Sci. 

84, 6205–6209 (1987).
	68.	 Lande, R. The maintenance of genetic variability by mutation in a polygenic character with linked loci. Genet. Res. 26, 221–235 

(1975).
	69.	 McGuigan, K., Aguirre, J. D. & Blows, M. W. Simultaneous estimation of additive and mutational genetic variance in an outbred 

population of Drosophila serrata. Genetics 201, 1239–1251 (2015).
	70.	 Crow, J. & Kimura, M. The theory of genetic loads. Proc. XI Int. Congr. Genet., 495–505 (Pergamon, Oxford, 1964).
	71.	 Wright, S. Evolution and the Genetics of Populations. Genetic and Biometric Foundations 1 (University of Chicago Press, 1968).

Acknowledgements
NERC grant NE/X009424/1 to M.P. supported this work. We thank Amy Morgan for help in collecting data on 
within-population variances. A. Morgan was the recipient of an Undergraduate Research Experience placement 
award from the University of Reading’s NERC SCENARIO Doctoral Training Partnership.

Author contributions
All authors contributed to all aspects of the work.

Funding
NERC grant NE/X009424/1 to M.P. supported this work.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​2​4​4​4​5​-​2​​​​​.​​

Correspondence and requests for materials should be addressed to M.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© Crown 2025 

Scientific Reports |        (2025) 15:43116 12| https://doi.org/10.1038/s41598-025-24445-2

www.nature.com/scientificreports/

https://doi.org/10.1111/nph.70468
https://doi.org/10.1038/238413a0
https://doi.org/10.1038/s41598-025-24445-2
https://doi.org/10.1038/s41598-025-24445-2
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Quantitative-genetic analysis of directional adaptation suggests low maximum sustainable rates of change in agreement with data from field populations
	﻿Results
	﻿Characterisation of simulated populations
	﻿Response to a directionally changing environmental optimum
	﻿The maximum sustainable rate of change for a population
	﻿Theoretical estimate of the sustainable rate of phenotypic change
	﻿Field data reveal comparable rates of phenotypic change

	﻿Discussion
	﻿Methods
	﻿The simulation model
	﻿Selection
	﻿Reproduction
	﻿Mutation
	﻿Recombination
	﻿Stabilising and directional selection
	﻿Characterisation of the simulated populations
	﻿Probability densities of model parameters
	﻿Phenotypic variance
	﻿Heritability
	﻿ Mutational “heritabilities” ﻿￼﻿﻿
	﻿The strength of directional selection


	﻿Field studies of phenological change
	﻿References


