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Climate warming may increase the frequency of
cold-adapted haplotypes in alpine plants

Johannes Wessely ©'®, Andreas Gattringer ®, Frédéric Guillaume?, Karl Hilber ®7,
Giinther Klonner', Dietmar Moser'* and Stefan Dullinger ®

Modelling of climate-driven range shifts commonly treats species as ecologically homogeneous units. However, many spe-
cies show intraspecific variation of climatic niches and theory predicts that such variation may lead to counterintuitive
eco-evolutionary dynamics. Here, we incorporate assumed intraspecific niche variation into a dynamic range model and explore
possible consequences for six high-mountain plant species of the European Alps under scenarios of twenty-first century climate
warming. At the species level, the results indicate massive range loss independent of intraspecific variation. At the intraspecific
level, the model predicts a decrease in the frequency of warm-adapted haplotypes in five species. The latter effect is probably
driven by a combination of leading-edge colonization and priority effects within the species' elevational range and was weakest
when leading-edge expansion was constrained by mountain topography The resulting maladaptation may additionally increase

the risk that alpine plants face from shrinkage of their ranges in a warming climate.

profoundly’. Many species are projected to face massive

range loss or at least pronounced geographical redistri-
bution of climatically suitable areas’. However, despite recent
progress, predictive modelling of climate-driven range shifts still
suffers from poor integration of relevant biological mechanisms
such as dispersal, demography, species interactions or evolution-
ary responses of species to the changing climate®. Among the most
widespread simplifications inherent to most modelling studies is
the interpretation of climatic niches as traits characteristic of spe-
cies as a whole. In fact, climatic tolerance is an attribute of individu-
als and the niche of the species is an abstraction resulting from the
aggregation of individual specializations®*. Under climate change,
such intraspecific variation may have divergent effects on species’
range dynamics. On the one hand, individual specialization and
local adaptation of populations probably decrease a species’ ability
to persist at any given location as compared to model predictions
which disregard such variation®"*. On the other hand, if niche posi-
tion and size are determined genetically, haplotypes associated with
adaptation to relatively warmer climatic conditions (further referred
to as warm-adapted haplotypes) may already be present in colder
environments due to gene flow. With warming they may increase
in frequency and therefore buffer populations against the changes
to come'*"". Finally, theory suggests that intraspecific variation in
climatic niches may result in maladaptation of migrating popula-
tions under climate change as a consequence of leading-edge colo-
nization and founder effects'®*’. Evaluating the scale and impact of
these processes on the response of species to twenty-first century
climate warming requires models that integrate the inheritance of
genetically determined individual niche variation with simulations
of demographic and dispersal processes.

Here, we developed such a model by expanding the coupled
niche-demographic modelling framework, 'cellular automaton-type
tool for simulating plant spread' (CATS)*. CATS combines climatic
niche modelling with stage-structured demographic simulations,

O ngoing climate change will probably alter species’ ranges

mechanistic dispersal kernels and, as a new feature, a population
genetic model. The model is discrete in space and time and operates
on a geographical raster that represents variation in climatic (and
other environmental) conditions in a study area. Across this study
area, CATS projects how the size and geographical distribution of
species populations change from year to year in response to changes
of climatic conditions that alter vital rates such as germination,
seed production and adult survival in individual raster cells. The
new population genetic module assumes inheritable variation in
climatic tolerances among individuals and simulates how climatic
changes trigger changes in standing genetic composition and vari-
ability. We thereby presume that niches are coded by haplotypes that
represent particular fractions of the entire species’ niche. To keep
computational efforts within feasible limits, we simplify the likely
complex genetic architecture of climatic specialization” and assume
that individual differences in climatic niches are determined by one
diploid locus with up to ten alleles or up to three diploid diallelic
loci. These few loci may be interpreted as those playing a key role in
temperature adaptation by regulating the expression of downstream
genes (for example, ref. ). Each haplotype covers a variable frac-
tion (w=>50%, 75% or 100%) of the entire species’ niche breadth.
The entire species’ niche breadth is derived from occurrence data of
the species across the entire European Alps. As there is no empiri-
cal evidence on dominant-recessive heredity in genes related to
climatic adaptation, we parsimoniously assume that allelic effects
on an individual’s climatic optimum are purely additive; that is,
that homozygosity does not have any deleterious effects. For more
details on the modelling framework see Methods.

From the 150 species modelled in ref. *', we selected six clearly
diploid species occurring in alpine grasslands: Campanula pulla,
Dianthus alpinus, Pedicularis rostratocapitata, Phyteuma hemi-
sphaericum, Saponaria pumila and Silene acaulis ssp. exscapa. Half
of these six species (C. pulla, D. alpinus and Prostratocapitata) occur
on calcareous substrate and half (P hemisphaericum, S. pumila
and S. acaulis) on siliceous substrate. Additionally, half of the species
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Fig. 1| Predicted reduction of species range size in 2080 as well as remaining reachable upslope area in 2080. Both values were calculated in proportion
to the current range size of the species in the European Alps. They represent results from simulations under RCP 2.6 and RCP 8.5, averaged over two
different settings of demographic and dispersal parameters representing upper and lower margins of plausible species mobility and, in case of range loss,
over all different levels of intraspecific variation explored (Methods). Error bars depict standard deviation.

(Prostratocapitata, P hemisphaericum and S. acaulis) are widely dis-
tributed across the European Alps, while the other half are endem-
ics of the Austrian part of the European Alps. We applied the model
to simulate the range dynamics of these species across the entire
European Alps until 2080 under two future IPCC Fifth Assessment
Report (AR5) climate scenarios (representative concentration path-
ways RCP 2.6 and RCP 8.5). These scenarios reflect different green-
house gas trajectories based on different socio-economic, political
and technological assumptions for the twenty-first century. The
RCP 2.6 scenario assumes that global annual greenhouse gas emis-
sions (measured in CO, equivalents) peak between 2010 and 2030
and decline substantially thereafter, while in the RCP 8.5 scenario,
emissions continue to rise throughout the twenty-first century*. All
six herbaceous species commonly occur above the alpine treeline
and are hence among the species considered at particular risk under
climate warming**. Using empirical distribution data from all
across the Alpine arch we first fitted the niches of the entire species
along three dimensions describing adaptation to temperature, water
availability and soil properties. As information on real climatic spe-
cialization of individuals is not available for these or comparable
alpine species, we then partitioned the temperature dimension of
these three-dimensional niches into fractions assumed to cover half
or three-quarters of the entire species' niche, respectively, and to be
shifted along the temperature gradient to cover the species' whole
temperature range (the number of resulting shifted niches is derived
from the different numbers of assumed haplotypes; Methods).
Although water availability and soil properties, such as calcium
content, are important for alpine plants (for example, ref. ¥’), we
here simplified the multidimensional nature of environmental
adaptation and restricted intraspecific variation to the temperature
gradient to facilitate interpretation of results. As a control, model
runs included scenarios of neutral genetic variation; that is, where
all individuals had the same niche as the species as a whole and
hence did not differ in fitness along environmental gradients.

Table 1| Linear regression relating predicted changes in range
size of species as well as in changes in the frequency of the
warm-adapted haplotype to potential drivers

Predictors Estimate + s.d. Pvalue R?

Range change, d.f. =337 0.41

Moderate CC —0.51+0.10 <0.001

Severe CC -1.58+0.10 <0.001

Niche size 0.45+0.21 0.029

Haplotype number  —0.01+0.02 0.728

Haplotype frequency change, 0.32/0.48

d.f.=209/140

Moderate CC -0.30+0.08/ <0.001/-
0.32+0.31

Severe CC -0.62+0.08/ <0.001/<0.001
—-0.89+0M

Niche size -0.91+0.25/ <0.001/0.298
—-0.47+0.45

Haplotype number  —0.06+0.01/ <0.001/<0.001
—-0.17+0.02

Range size changes were measured as log(range size in 2080/range size in 2000) and haplotype
frequency changes as log(percentage of warm-adapted haplotypes in 2080/percentage of
warm-adapted haplotypes in 2000). Values shown are for the European Alps/an artificial test grid
representing a mountain slope under moderate/severe climate change (CC), respectively. P values
are derived via F-statistics.

All simulations started from the same initial distribution of spe-
cies across the Alps. These initial distributions were constrained
by actual mapped distributions of the species®, with standing
genetic composition, that is, haplotype frequencies assumed
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Fig. 2 | Changes in the frequency of the haplotype associated with warm climatic conditions for all six modelled species under climate warming.
Boxplots represent changes in the European Alps under the mild RCP 2.6 and the pronounced RCP 8.5 climate scenarios. as well as on an artificial test grid
under assumed intermediate and pronounced climate change (warming of 2°C and 4 °C, respectively). Negative values, that is, those below the horizontal

line, indicate a decrease in the frequency in the population.

to be in equilibrium with the environment as determined by a
burn-in-simulation. Simulation runs then tracked the changes
in the distribution of the species as a whole as well as in the fre-
quency of haplotypes across the Alps triggered by climatic scenarios
(Methods).

With respect to entire species ranges, our results corrobo-
rate previous predictions; for example, refs. **>*, of moderate
to massive range loss of alpine plants, especially under the more
pronounced climate scenario (Fig. 1). Variation in the number of
haplotypes did not change these results significantly (Table 1), prob-
ably because range loss predominantly occurs at trailing elevational
range edges”* where no better-adapted haplotypes are available
for replacement of those going locally extinct. However, predicted
range loss marginally increased with narrower niches of haplotypes,
maybe because narrower niches require faster movement to track
a changing climate. More importantly, climate warming changed
relative haplotype frequencies. In particular, pronounced warm-
ing (RCP8.5) was associated with a slight decrease (S. acaulis ssp.
exscapa and C. pulla, median of —10.3% and —15.1%, respectively)
or pronounced decrease (P. rostratocapitata, P. hemisphaericum and
S. pumila, median of —36.0%, —75.5% and —62.3%, respectively)
in the relative frequency of the warm-adapted haplotype at the end
of the simulation period (Fig. 2). By contrast, the frequency of the
warm-adapted haplotype only increased (slightly) in one species,
D. alpinus (median of 15.3%). Across all six species, the relative loss
of warm-adapted haplotypes was stronger under more pronounced
climate scenarios and with a higher number of different haplotypes
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but weaker when the niches of individual haplotypes were assumed
to be narrower and for overlap among haplotype niches (and also
potential distribution areas) to be less pronounced (Table 1).

To better understand the reasons for this decline of warm-
adapted haplotypes, we additionally ran models on an artificial
test grid, representing a mountain slope with homogeneous
precipitation and soil conditions but a linear temperature decrease
with elevation. We simulated range dynamics of species in this
artificial landscape under different degrees of assumed tempera-
ture increase over the same time span (80years). All parameters
of the six species, their niches and their intraspecific variation were
the same as in the real-world models (Methods). In these artificial
landscapes, the reduction in the frequency of the warm-adapted
haplotype was even more pronounced than in the real-world
simulations (Fig. 2). Moreover, this reduction occurred consis-
tently across all six species (Fig. 2), irrespective of all differences
in niche positions, niche size, demographic and dispersal features
among them.

The developing maladaptation (that is, the decreasing relative
frequency of the warm-adapted haplotype under warming condi-
tions) may be caused by priority effects and intraspecific competi-
tion. Individuals carrying the cold-adapted haplotype at the species’
leading edge can expand their range upslope into terrain hith-
erto uncolonized by the species. In contrast, individuals carrying
cold-adapted haplotypes at the initially occupied sites block indi-
viduals carrying the warm-adapted one from succeeding upwards
(Fig. 3 and Extended Data Figs. 1-5). This blocking effect is driven
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Fig. 3 | Frequency of haplotypes of C. pulla along an artificial mountain slope (temperature gradient). a-c, Elevational distribution of haplotypes at the
beginning (a) and end (¢) of the simulation as well as the overall frequency change during the simulation period (b). Colours indicate warm-adapted (red)
to cold-adapted (blue) haplotypes. Simulations assumed an increase in temperature of 4 C° over 80 yr. The niche of each of the five different haplotypes
comprised 75% of the species' niche breadth and was determined by one diploid locus (compare Extended Data Fig. 6). As temperature increases,

the population shifts upslope (to the left) but the warm-adapted haplotype (red) is blocked by intraspecific competition. As a result, the proportion of

individuals carrying the cold-adapted haplotype increases with warming.

by two factors: first, the long life spans of alpine plants* which limit
the rate at which new recruits can establish; and, second, the fact
that the locally prevailing haplotype predominates in the cohort
of new recruits because it produces more clonal offspring and a
higher number of seeds (most of which is distributed over <10m in
alpine herbs®). The reason why the decrease in the warm-adapted
haplotype was consistent across all species on the artificial moun-
tain slope but emerged only in part of the species in the real-world
simulation may relate to mountain topography. While the artificial
slope was designed to offer unrestricted opportunities of upslope
movement, real-world mountain tops set upper limits to species
migration. To assess the possible effect of topography on our simu-
lation results we calculated the upslope area reachable for the spe-
cies (that is, within a radius of 1km of occupied sites) at the end of
the simulation period. We found that D. alpinus and S. acaulis ssp.
exscapa were the two species with most pronounced total range loss
and smallest remaining upslope area (Fig. 1). These are, at the same
time, the two species in which the decrease of the warm-adapted
haplotype was least pronounced (S. acaulis ssp. exscapa) or this hap-
lotype even increased in frequency (D. alpinus). A relative decrease
of warm-adapted haplotypes may thus not occur or play a minor
role in species with limited opportunity of leading-edge expan-
sion but at the cost of nowhere-to-go situations for cold-adapted
haplotypes.

The disproportionate loss of warm-adapted haplotypes under cli-
mate warming appears counterintuitive, at first glance. Our results
are, however, in line with the importance of density-dependent pro-
cesses for the emergence of biogeographical patterns in the past®
and with theoretical simulations of climate-driven range shifts of
ecologically structured populations'®. Here, we show that models
run in a real-world topography with niches, demographic and dis-
persal rates fit from empirical data may lead to similar conclusions.
On the other hand, we also demonstrate that the structure of real
landscapes can modify or even reverse the future development of
the standing genetic composition. Generalizations of how climate
change will affect intraspecific diversity of high-mountain plants
appear difficult.

Despite its complexity, our model still necessarily oversimpli-
fies reality. Simplifications related to the CATS model in general
have already been discussed elsewhere (for example, refs. 2'**)
and include coarse estimates of yet purely quantified demographic
parameters as well as neglect of factors such as microclimatic varia-
tion in alpine terrain® or extreme climatic events®. Here, we specifi-
cally note that our simulations accounted for intraspecific but not
for interspecific interactions. In reality, leading-edge colonization
of cold-adapted haplotypes, which appears unrestricted by interac-
tions in our model, may be hampered by competition with other
species, either resident ones or those migrating upslope simulta-
neously. However, interspecific interactions are not limited to the
leading edge of species, their competitive effect often decreases with
elevation and species from lower elevations are, by trend, competi-
tively superior to those from higher elevations***. For this reason,
we tentatively assume that including interspecific interactions into
the model may result in even more pronounced species range loss
but that effects on the relative frequency of haplotypes would be
qualitatively similar. We additionally emphasize that the popula-
tion genetic module accounts for adaptation from standing genetic
diversity only and disregards mutations. In reality, populations will
most likely adapt to new environments in both ways, selection on
pre-existing genetic variation as well as selection on new mutations™.
Among those, adaptation from standing genetic variation is likely
to work faster as, for example, beneficial haplotypes already start
at higher frequencies. Over the upcoming decades of rapid climate
warming, disregarding mutation appears arguable, particularly in
slow life-cycle species like alpine plants. However, over longer time
scales and after climate has reached a new equilibrium, mutations
may play a role in diminishing the resistance of resident haplotypes
against those better-adapted to the warming conditions'>*.

In reality, the genetic mechanisms controlling thermal toler-
ances of individuals are probably complex and certainly much more
complicated than represented in our model*'. Whether the implicit
simplification of polygenic inheritance to one multiallelic or up
to three diallelic loci may affect our results is not straightforward.
However, sensitivity analyses of the two- and three-loci simulations
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at least suggest that our conclusions are robust against increasing
recombination rates that may occur when a higher number of loci
contribute to determining the thermal niche. Moreover, the gen-
eral phenomenon of high-density blocking is well-documented
in nature, for example, in colonization of deglaciated regions,
where rapid expansions often lead to high genetic homogeneity".
Whether these examples include cases where secondary dispers-
ers were better-adapted to changing conditions than were residents
is unknown. In general, it seems plausible, however, that resident
populations represent a barrier for newcomers which may gradually
decrease in effectiveness with increasing difference in adaptation to
the locally prevailing conditions.

Many unknowns remain when modelling range responses of spe-
cies to climate change. Among them, our simulations emphasize that
individual variation in climatic niches and intraspecific blocking
are hitherto neglected but potentially important aspects. Whether
these processes improve species’ prospects or change them for the
worse appears subject to a complex interplay between the actual
differentiation of the species’ niche space, the strength of biotic
interactions among individuals and the spatial structure of environ-
mental conditions in real landscapes. Incorporating these factors
into eco-evolutionary models of species’ response to climate change
requires foremost a better understanding of the genomic basis of
local adaptation to heterogeneous climates™. For alpine plants, the
results achieved here suggest that at least in part of the species those
haplotypes pre-adapted to the climate to come may also be those
suffering most from the altered conditions, at least over a possibly
extended phase of transition*’. As a corollary, high-mountain floras
might be even more vulnerable to climate warming than so far pre-
dicted. These findings emphasize the call for expanding area-based
conservation efforts* also in mountain environments as protection
from additional pressures such as intense agricultural use, energy
production or resource extraction might facilitate population per-
sistence during transient phases of maladaptation.
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Methods

Study area. All simulations were run at a 100X 100 m resolution for the entire
European Alps, which cover ~200,000km?. Elevations reach 4,810 m above sea
level at the highest peak (Mont Blanc, elevational data were obtained from ref. *).
Mean annual temperature ranges from approximately —13 up to 16 °C and annual
precipitation sums reach up to ~3,600 mm (climatic conditions were obtained from
WorldClim®).

Species data. True presences/absences were derived from complete species lists
of 14,040 localized plots covering subalpine and alpine non-forest vegetation of
the Alps, compiled from published* and unpublished data sources. For more
information see the supplementary information in ref. *'.

Data on demographic rates as well as dispersal parameters were taken from ref. >/,
Supplementary Table 1. Detailed values are provided in Supplementary Table 1.

Environmental variables. Current climate data. Maps of current climatic
conditions were generated on the basis of mean, minimum and maximum monthly
temperature obtained from WorldClim* and monthly precipitation sums derived
from ref. 7 at a resolutions of 0.5arcmin and 5km, respectively. Temperature

and precipitation data were downscaled to 100 m as described in ref. > and using
ordinary kriging with elevation as covariable. As the reference periods of these
two datasets do not match (temperature values represent averages for 1950-2000,
while precipitation covers 1970-2005) temperature values were adapted using

the E-OBS climate grids available online (www.ecad.eu/download/ensembles/
download.php). We used these spatially refined temperature and precipitation
grids to derive maps of mean annual temperature and mean annual precipitation
sum. We chose only two climatic variables to keep models simple and, therefore,
interpretation of results more straightforward. In fact, the climatic drivers of
population performance and distribution can be more complex* and vary among
species, life history stages and vital rates”. However, as correlations between
different descriptors of temperature (such as coldest month or warmest month
temperature, Pearson correlation of 0.84) as well as between precipitation variables
are high in the European Alps, we chose mean annual temperature and mean
annual precipitation sum as they give the most basic description of how climatic
conditions change over geographical and elevational gradients.

Future climate data. Monthly time series of mean temperature as well as
precipitation sums predicted for the twenty-first century were extracted from the
Cordex data portal (http://cordex.org). We chose two IPCC5 scenarios from the
RCP families representing mild (RCP 2.6) and severe (RCP 8.5) climate change to
consider the uncertainty in the future climate predictions. Both scenarios were
generated by Météo-France/Centre National de Recherches Météorologiques using
the CNRM-ALADIN53 model, fed by output from the global circulation model
CNRM-CMS5 (ref. *°). The RCP 2.6 scenario assumes that radiative forcing reaches
nearly 3Wm~ (equal to 490 ppm CO, equivalent) mid-century and will decrease
to 2.6 Wm™ by 2100. In the RCP 8.5 scenario, radiative forcing continues to rise
throughout the twenty-first century and reaches >8.5W m™ (equal to 1,370 ppm
CO, equivalent) in 2100*.

These time series were statistically downscaled (delta method) by (1)
calculating differences (deltas) between monthly temperature and precipitation
values hindcasted for the current climatic conditions (mean 1970-2005) and
forecasted future values at the original spatial resolution of 11’; (2) spatially
interpolating these differences to a resolution of 100 X 100 m using cubic splines
and (3) adding them to the downscaled current climate data separately for each
climatic variable’*. Subsequently, we calculated running means (averaged over
35years) for every tenth year (2030, 2040 through to 2080) for each climatic
variable and finally derived, on the basis of the monthly data, mean annual
temperature and mean annual precipitation sums for these decadal time steps. The
application of 35-yr running means ensures that we use the same time interval
for parameterization and prediction. Furthermore, for long-lived species such as
alpine plants, running means over long time intervals appear most appropriate to
characterize climatic niches™.

Soil data. In addition to the climatic data we used a map of the percentage

of calcareous substrate within a cell (5 longitude X 3’ latitude dissolved to

100 m resolution; further referred to as soil) as described in the supplementary
information of ref. *'.

Environmental suitability modelling. We parameterized logistic regression
models (LRMs) with a logit link function using species presence/absence data as
response and the three environmental (two bioclimatic and one soil) variables as
predictors. All predictor variables entered the model as second-order polynomials
in agreement with the standard unimodal niche concept.

From the models, we also derived a threshold value to use for translating
predicted probability of occurrence (as a measure of site suitability) into predicted
presence or absence of each species at a site (called occurrence threshold, OT,
henceforth). The threshold was defined such that it optimized the true skills
statistic (TSS), a measure of predictive accuracy derived from comparing observed
and predicted presence—absence maps™.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

Genetic model and niche partitioning. Species-specific suitability curves for the
annual mean temperature gradient derived from the LRMs were partitioned into
suitability curves of ecologically different haplotypes of a species as defined by
allelic variation in up to three diploid loci (Extended Data Fig. 6). The number of
alleles was varied (n=1, 2, 3, 5 and 10 alleles) as was the proportion of the entire
species' (temperature) niche covered by each haplotype. Models with more than
one locus were run with diallelic loci, as otherwise computational efforts would
have increased excessively (for each haplotype the number of seeds, juveniles

and adults has to be stored and all seeds have to be distributed separately). Each
combination of haplotype number and allelic niche size used in a particular
simulation is further referred to as setting. Species-specific suitability curves

along the other two dimensions (precipitation and soil) remained unpartitioned

to ease interpretation of results. The implications of relaxing this assumption by
modelling niche partitioning along different environmental gradients are hard

to predict. Outcomes would probably depend on the direction and strength

of individual specialization along these gradients, whether they are positively

or negatively correlated, as well as on how both temperature and precipitation
patterns will be affected by climate change. As a consequence, the patterns we
found could be re-enforced, for example when the replacement of cold-adapted
haplotypes within the species elevational range is further delayed, for example,
because those haplotypes adapted to warmer conditions can cope less well with
higher precipitation at higher elevations. Vice versa, maladaptation to the warming
temperatures might be attenuated, for example, if temperature increase is paralleled
by precipitation decrease and emerging drought stress. If, in this case, haplotypes
from lower elevations can better cope with both higher temperatures and less water
availability than those of median elevations, they may replace the latter faster at
these median elevations and hence shorten the phase of maladaptation.

Allelic effects were assumed to define the temperature optimum additively.
Hence, the heterozygotes’ optimum is always exactly between the optima of the
two corresponding homozygotes, corresponding to a codominant genetic model.
Finally, all haplotypes corresponding to one setting were assumed to have constant
(temperature) niche size, defined as a proportion (w=>50%, 75% and 100%, for one
haplotype only 100%) of the entire species’ (temperature) niche. The temperature
niche was computed as the difference between the upper and lower temperature
values at which the LRM-derived suitability curve predicted a suitability equal to
OT (with precipitation and soil set to the respective optima of the species, also
derived from the LRMs). To derive the same geographic distribution under current
climatic conditions for each setting, the union of the niches of all haplotypes
of one set has to approximate the niche of the single-species model (Extended
Data Fig. 6). Note, however, that, the aspired equality of niches is impossible, as
the niches resulting from a logistic regression with quadratic terms are always
elliptic in shape. Therefore, the optima of the two extreme homozygotes (that
is, those carrying haplotypes adapted to the coldest or warmest margins of the
entire species’ niche) are fixed at: niche limits + 1/2 X @ X niche size and all other
optima are distributed between them at equal distances (Extended Data Fig. 6
gives a schematic illustration). As a consequence, the performance of the extreme
haplotypes, both coldest and warmest, is modelled to be somewhat higher towards
the cold and warm margins of the temperature niche, respectively, compared with
the performance modelled for the species without intraspecific niche partitioning
(compare the overlap of the black with the red and blue curves in Extended
Data Fig. 6a). However, as haplotype number did not affect modelled range loss
(compare Table 1), this marginal mismatch does not apparently impact
our results. Homozygotes were ordered from the cold-adapted A,A, up to the
warm-adapted A A,

Finally, the suitability curves of the genotypes were assumed to have the
same value at their optimum as the species-specific suitability curve at this point
(Extended Data Fig. 6).

Artificial landscapes. Artificial landscapes were defined as a raster of 50x 112
cells (of 100 X 100 m). These rasters were homogeneous with respect to
precipitation and soil carbon conditions which were set to the values optimal for
each species according to the LRMs. With respect to temperature, by contrast,

we implemented a gradient across the raster running from the minimum -9.1°C
to the maximum +3.8 °C temperature for which the LRM predicts values >OT
across all six species. Buffering by 1°C at both limits was done to avoid truncating
simulation results. Further 4°C at the lower limit were added to consider simulated
temperature increase (below). The final temperature range represented by the
raster ran from —14.1 to +4.8 °C. Temperature increased linearly along this axis

by an increment of 0.171°C per cell, derived from a 20° slope and a temperature
decrease of 0.5°C per 100 m of elevational change. Along the 50-cell breadth of the
landscape, temperature values were kept constant. On the basis of these grids, we
implemented a moderate and a severe climate change scenario, characterized by
temperature increases of 2 and 4 °C, respectively, over 80 yr. Therefore, temperature
of each raster cell increased annually by 0.025 and 0.05 °C, respectively.

Simulations of spatiotemporal range dynamics. CATS?' is a spatially and

temporarily explicit model operating on a two-dimensional grid (of 100 m mesh
size in this case). CATS combines simulations of local species’ demography with
species' distribution models by scaling demographic rates relative to occurrence
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probabilities (suitabilities) predicted for the respective site or grid cell by

the latter. Dispersal among grid cells is modelled as a combination of wind,
exozoochoric and endozoochoric (that is, animal dispersal via attachment to

the fur or ingestion and defecation, respectively) dispersal of plant seeds. Time
proceeds in annual steps. The annually changing occurrence probabilities at
each site affect the demography of local populations and hence, eventually, the
number of seeds that are produced in each grid cell in the respective year. As a
consequence, local populations grow or decrease, become extinct or establish
anew and hence the species’ distribution across the whole study area changes as a
function of the changing climate.

Demographic modelling. Climate-dependence of local demography was modelled
by linking demographic rates (seed persistence, germination, survival, flowering
frequency, seed yield and clonal reproduction) and carrying capacity to occurrence
probabilities predicted by LRMs by means of sigmoidal functions. Furthermore,
all rates were fixed at OT at a value ensuring stable population sizes; for more
information see refs. >**. Demographic rates were confined by zero and a
species-specific maximum value (Supplementary Table 1), which was assumed

to be the same for all genotypes of a species. As a corollary, the demographic

rates of all genotypes of a species are the same under optimal environmental
conditions but their actual values for a particular site in a particular year differ
due to different temperature optima of genotypes. In addition, germination,
survival and clonal reproduction were modelled as density-dependent processes
to account for intraspecific competition between genotypes. In our application, for
all density-dependent functions, the species abundance is defined as the sum of all
adult individuals in a given cell, regardless of their genotypes. Density dependence
is commonly achieved by multiplying rates with (C-N)/C, where N is the species
abundance and C is the (site- and genotype-specific) carrying capacity. This
correction for density dependence causes the functions to drop to zero when N
approximates C. To avoid the subsequent collapse of population sizes, we defined
density-dependent rates as (C- N)/Cx rate() + N/C X rate(OT), which ensures
stable population sizes at densely populated sites occupied by only one genotype.
To account for uncertainty in parameters of demographic rates, we assigned each
species two value sets representing the upper and lower end of a plausible range of
values on the basis of information derived from databases and own measurements
(Supplementary Table 1).

The simulations allowed for cross-pollination between genotypes. We used
the relative amount of flowers (genotype-specific flowering frequency as defined
by the sigmoid curve for the given suitability in the given raster cell for the
given year X number of adults of that genotype in the population of that cell)
to derive an estimate of the haplotype frequencies in the total pollen produced
by the population within a grid cell. For the multiallelic case we allowed for
recombination between loci with a recombination rate of 0.1%. These frequencies
were set equal to the probability that particular haplotypes are transmitted to each
year’s seed yield by pollination. Spatial pollen dispersal was accounted for in the
following way: in each cell, 5% of the pollen involved in producing the annual seed
yield, was assumed to stem from outside the respective raster cell. The proportions
of different haplotypes in this 5% were derived from the overall pollen frequencies
in all cells within a 700 m radius around the target cell (following estimates in ref.
*?). Subsequently, produced seeds of each genotype were divided into resulting
genotypes regarding the adult’s haplotype composition and the haplotype
frequencies in the cells' entire pollen load.

Dispersal modelling. For wind dispersal of plant species we parameterized the
analytical WALD kernel™ on the basis of measured seed traits and wind speed

data from a meteorological station in the Central Alps of Austria. Exozoochorous
and endozoochorous plant kernels were parameterized on the basis of correlated
random walk simulations for the most frequent mammal dispersal vector in the
study area, the chamois (Rupicapra rupicapra L.). For more details, see ref. . To
account for uncertainties in species-specific dispersal rates, the proportion of seeds
dispersed by the more far-reaching zoochorous kernels was assumed either as high
(1-5%) or low (0.1-0.5%), setting upper and lower boundaries of a credible range
of the dispersal ability of species.

Simulation set up and simulation initialization. To test for the effects of climate
change on genetic diversity in 2080, we ran CATS over the period 2000 to 2080
for each of the six study species across the entire Alps under a full factorial
combination of (1) three niche sizes (50%, 75% and 100%); (2) six numbers of
haplotypes (equal to two, three, five and ten alleles for one locus and four and
eight for the diallelic two- and three-locus models, respectively); (3) three
climate scenarios (current climate, RCP 2.6 and RCP 8.5); and (4) two sets of
demographic and dispersal parameters. As a ‘control’ we also ran simulations for
all climate scenarios and the two demographic and dispersal parameter sets for
a setting with one genotype filling the whole niche of the species. To account for
stochastic elements in CATS four replications were run for each combination of
‘treatments.

For simulations in artificial landscapes we used, instead of RCP 2.6 and
RCP 8.5, ‘artificial’ climatic scenarios with an assumed warming of 2 and 4°C,
respectively, and no change in precipitation.

All simulation runs were started with homozygotic individuals only. As initial
distribution, for each simulation run each cell predicted to be environmentally
suitable to the species (that is, occurrence probability of species >OT)—and
within the real distribution range of the species® (not relevant for simulations in
artificial landscapes, of course)—was assumed to be occupied by an equal number
of adults of each (homozygotic) genotype, with the total sum equal to the carrying
capacity of the site. To accommodate this arbitrary within-cell genetic mixture of
homozygotes (and missing heterozygotes) to actual local conditions we started
simulations of range dynamics with a burn-in phase of 200 yr, run under constant
current climatic conditions. To have a smooth transition from the burn-in phase
under current climate (corresponding to the climate of the years 1970-2005; see
current climate data) to future climate projections (starting with 2030) and to
derive annual climate series, climate data were linearly interpolated between these
two time intervals.

Statistical analysis. We evaluated the contribution of climate scenario, haplotype
number and haplotype niche size to overall species’ range change as well as the
change in the frequency of the warm-adapted haplotype by means of linear models.
In these models, log(range size in 2080/range size in 2000) and log(percentage
of warm-adapted haplotype in 2080/percentage of warm-adapted haplotype in
2000), averaged over the four replicates and the two demographic and dispersal
parameter sets, were the response variables. For the analysis of the change of the
warm-adapted haplotype simulation settings with 100% niche size were ignored, as
in this setting all haplotypes have the same temperature optimum (that is, neutral
genetic variation). Approximate normality of residuals was confirmed by visual
inspection.

As indicator of the ‘topographic opportunity’ remaining to the species in
the real world we calculated the area colonizable at elevations higher than those
already occupied at the end of the simulation period. We therefore drew a buffer of
1km around each cell predicted to be occupied in 2080 and then summed the area
within these buffers at a higher elevation than the focal, occupied cell. Overlapping
buffer areas were only counted once. This calculation was done for simulations
conducted with one full-niche genotype per species only.

Sensitivity analysis. We interpret the simulated relative decrease of warm-adapted
haplotypes mainly as an effect of (1) the unrestricted expansion of cold-adapted
haplotypes at the leading edge and (2) the resistance of the locally predominating
haplotype that becomes increasingly maladapted with progressive climate
warming, to recruitment by better-adapted haplotypes from below that are

either rare or not present at all initially. However, the results achieved, and

our conclusions, may be sensitive to assumptions about particular parameter
values. Parameters that control the longevity of adult plants, and indirectly the

rate of recruitment of new individuals, as well as those controlling gene flow

via pollen (instead of seeds) may be particularly influential in this respect. We
additionally ran simulations on artificial landscapes under alternative values of
these parameters. In particular, we set the maximum age of plants to 10yr instead
of 100yr and raised the proportion of locally produced pollen assumed to be
transported up to 700m to 10%. Both of these values are thus probably set to rather
extreme levels: a maximum age of 10yr is much shorter than the 30-50 yr assumed
to be the standard age of (non-clonal) alpine plants’’; and a cross-pollination

rate between cells of 10% is high given that among the most important alpine
pollinators only bumblebees are assumed to transport pollen >100 m regularly*->°.
We add that we ran these additional simulations only in combination with the
demographic species parameters set to high values because a short life span
combined with low-level demographic parameters did not allow for stable
populations of some species, even under current climatic conditions.

For individual species, adapting plant age and cross-pollination rate between
cells (Extended Data Fig. 7), did change the magnitude of loss of the warm-adapted
haplotype. Nevertheless, for all of them the warm-adapted haplotype still became
rarer when climate warmed and this effect increased with the level of warming. We
are confident that our conclusions are qualitatively insensitive to variation of these
parameters within a realistic range.

Finally, in the simulations where we assumed a multilocus structure of the
temperature niche, the recombination rate may also affect simulation results
because it determines the rate by which new haplotypes can emerge. We also
tested sensitivity of our simulations to doubling the recombination rate to 0.2%.
Again, we found that a higher recombination rate had little qualitative effect on the
results. Quantitatively, it resulted in a slightly pronounced relative decrease of the
warmth-adapted haplotype in most species (Extended Data Fig. 8).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study as well as the source data are
available online in the Phaidra database at https://phaidra.univie.ac.at/0:1376676,
https://phaidra.univie.ac.at/0:1376677, https://phaidra.univie.ac.at/0:1376678,
https://phaidra.univie.ac.at/0:1376679, https://phaidra.univie.ac.at/0:1376680 and
https://phaidra.univie.ac.at/0:1376681.
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Code availability

All code used for the simulation set up as well as analysis of results are

available online in the Phaidra database at https://phaidra.univie.ac.at/0:1376682.
Code for simulations (CATS code) is available from the corresponding author

on request.
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Extended Data Fig. 1| Frequency of haplotypes along an artificial mountain slope (= temperature gradient) for Dianthus alpinus. Panels depict the
elevational distribution of haplotypes at the beginning (a) and end (c) of the simulation as well as the overall frequency change during the simulation
period (b). Colours indicate haplotypes associated with warm (red) to cold (blue) climatic conditions. Simulations assumed an increase in temperature
of 4 C® over 80 years. The niche of each of the five different haplotypes comprised 75% of the species’ niche breadth and was determined by one diploid
locus (cf. Extended Data Fig. 6).
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Extended Data Fig. 2 | Frequency of haplotypes along an artificial mountain slope (= temperature gradient) for P. rostratocapitata. Panels depict the
elevational distribution of haplotypes at the beginning (a) and end (c) of the simulation as well as the overall frequency change during the simulation
period (b). Colours indicate haplotypes associated with warm (red) to cold (blue) climatic conditions. Simulations assumed an increase in temperature
of 4 C® over 80 years. The niche of each of the five different haplotypes comprised 75% of the species’ niche breadth and was determined by one diploid

locus (cf. Extended Data Fig. 6).
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Extended Data Fig. 3 | Frequency of haplotypes along an artificial mountain slope (= temperature gradient) for Phyteuma hemisphaericum. Panels depict
the elevational distribution of haplotypes at the beginning (a) and end (c) of the simulation as well as the overall frequency change during the simulation
period (b). Colours indicate haplotypes associated with warm (red) to cold (blue) climatic conditions. Simulations assumed an increase in temperature

of 4 C® over 80 years. The niche of each of the five different haplotypes comprised 75% of the species’ niche breadth and was determined by one diploid
locus (cf. Extended Data Fig. 6).
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Extended Data Fig. 4 | Frequency of haplotypes along an artificial mountain slope (= temperature gradient) for Saponaria pumila. Panels depict the
elevational distribution of haplotypes at the beginning (a) and end (c) of the simulation as well as the overall frequency change during the simulation
period (b). Colours indicate haplotypes associated with warm (red) to cold (blue) climatic conditions. Simulations assumed an increase in temperature
of 4 C® over 80 years. The niche of each of the five different haplotypes comprised 75% of the species’ niche breadth and was determined by one diploid
locus (cf. Extended Data Fig. 6).
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Extended Data Fig. 5 | Frequency of haplotypes along an artificial mountain slope (= temperature gradient) for Silene acaulis ssp. Exscapa. Panels depict
the elevational distribution of haplotypes at the beginning (a) and end (c) of the simulation as well as the overall frequency change during the simulation
period (b). Colours indicate haplotypes associated with warm (red) to cold (blue) climatic conditions. Simulations assumed an increase in temperature

of 4 C° over 80 years. The niche of each of the five different haplotypes comprised 75% of the species’ niche breadth and was determined by one diploid
locus (cf. Extended Data Fig. 6).
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Extended Data Fig. 6 | Schematic depiction of the partitioning of a species” niche. Panel (a) shows the suitability curve for the species (black) and for
the single genotypes (blue to red, indicating cold to warm adaptation) with a niche size of 50% and two alleles for one locus. The horizontal line shows the
occurrence threshold, that is, the suitability value above which conditions are suitable, b) niche partitioning along the temperature axes for two alleles and
niche size of 50%, ¢) two alleles and niche size of 75% and d) three alleles and niche size of 50%. Heterozygotes are depicted by dashed lines.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

ARTICLES NATURE CLIMATE CHANGE

B34 ® original setting Campanula Dianthus
@ shortlived i
ulla alpinus
S ] @ higher pollination p P
8-
S — — — —
o T T R i A
O 91 ; - : —_ : ' : :
s TET L . EEE mEE
s 3 —_— = =] . -
(0] |
8 ——
S & Pedicularis Phyteuma
L - rostratocapitata hemisphaericum
£ &
©
2 o
5
y— (=)
o) . - . —_ _ — _ .
[0) - ' - : : : - : S Y i i
2 % o ' ' — e — N
s + 1+ HEE — - - =S
; T
5 . , ;
5 o Saponaria Silene
T o pumila acaulis ssp. exscapa
O 91
L
8_
= —_—r—
o § b =0 1 - T
: millm N =TT o=
g| EHE= e O = i s
1 T T T T
P 4ce 2c° 4c°

Climate change scenario

Extended Data Fig. 7 | Sensitivity of results to assumed longevity and cross-pollination rate between cells. Boxplots represent changes in the frequency
of the haplotype associated with warm climatic conditions on an artificial test grid under intermediate and pronounced climate change (warming of 2°C
and 4 °C, respectively) for three different parameter settings: the original parameters used in the study (green), maximum age of individuals reduced to 10

years (orange) and an increased (doubled) cross-pollination rate between cells (blue).
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Extended Data Fig. 8 | Sensitivity of results to assumed recombination rate. Boxplots represent changes in the frequency of the haplotype associated
with warm climatic conditions on an artificial test grid under intermediate and pronounced climate change (warming of 2°C and 4 °C, respectively) for
two different parameter settings for the multilocus cases: the original parameters used in the study (green), and an increased (doubled) recombination

rate (pink).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used

Data analysis Results were analyzed with R. Simulations were run with costume code described in previous publications. The code is available to
readers on request. All code used for the simulation setup as well as analysis of results is available online under https://
phaidra.univie.ac.at/0:1376682.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that supports the findings of this study as well as the source data are available online in the Phaidra database at https://phaidra.univie.ac.at/0:1376676,
https://phaidra.univie.ac.at/0:1376677, https://phaidra.univie.ac.at/0:1376678, https://phaidra.univie.ac.at/0:1376679, https://phaidra.univie.ac.at/0:1376680 and
https://phaidra.univie.ac.at/0:1376681.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[ ] Life sciences [ ] Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description The study uses available vegetation records from the European Alps to fit niches of six alpine plant species. We then partition these
empirical niches into theoretical sub-niches of genotypes and predict the spatio-temporal dynamics of these genotypes under
different scenarios of climate warming.

Research sample The data underlying the study were taken from existing sources and not sampled for this study. They include presence-absence data
of the six species in 14040 localized plots covering subalpine and alpine non-forest vegetation of the Alps. These data were collected
by different research groups and compiled into a database for the study published in Dullinger et al. (2012): Extinction debt of high
mountain plants under 21st century climate warming. Nature Climate Change 2: 619-622. Information on vital rates of species was
taken from the same source.

Sampling strategy No data was specifically sampled for this study. For sampling strategies of underlying data see Dullinger et al. (2012): Extinction debt
of high mountain plants under 21st century climate warming. Nature Climate Change 2: 619-622.

Data collection Underlying plot data were taken from Willner, W., Berg, C. & Heiselmayer, P. (2012) Austrian vegetation database. Biodivers Ecol, 4,
333, supplemented by additional, unpublished plot data from Switzerland, France and Italy. Underlying plot data is available under

https://phaidra.univie.ac.at/0:1376676.

Timing and spatial scale  Not applicable

Data exclusions No data was excluded

Reproducibility No experiments were used

Randomization Grouping of results was based on the identity of the six species involved.
Blinding Group allocation was based on species identity and blinding hence not relevant.

Did the study involve field work? [ _]Yes — [X]No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology |:| MRI-based neuroimaging

Animals and other organisms
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Clinical data

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Not applicable

Wild animals Not applicable
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Field-collected samples No data was specifically sampled for this study.

Ethics oversight No ethical guidance was necessary, the study only involved computer simulations

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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