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Climate change will lead to loss of range for many species, and thus to loss of genetic diversity crucial for
their long-term persistence. We analysed range-wide genetic diversity (amplified fragment length poly-
morphisms) in 9581 samples from 1200 populations of 27 northern plant species, to assess genetic
consequences of range reduction and potential association with species traits. We used species distri-
bution modelling (SDM, eight techniques, two global circulation models and two emission scenarios)
to predict loss of range and genetic diversity by 2080. Loss of genetic diversity varied considerably
among species, and this variation could be explained by dispersal adaptation (up to 57%) and by genetic
differentiation among populations (Fs; up to 61%). Herbs lacking adaptations for long-distance disper-
sal were estimated to lose genetic diversity at higher rate than dwarf shrubs adapted to long-distance
dispersal. The expected range reduction in these 27 northern species was larger than reported for tem-
perate plants, and all were predicted to lose genetic diversity according to at least one scenario. SDM
combined with Fgt estimates and/or with species trait information thus allows the prediction of species’
vulnerability to climate change, aiding rational prioritization of conservation efforts.

Keywords: conservation genetics; Fgst; genetic diversity; range reduction; species distribution model;
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1. INTRODUCTION
When addressing impacts of climate change on biological
diversity, most studies treat a species as a unit and thus
ignore intraspecific genetic variation [1,2]. Maintaining
genetic diversity within a species is crucial for its ability
to adapt both in the short-term and long-term survival
[3—5]. Species may respond to climate change by local
adaptation [6,7], range shift [8,9], range reduction [10]
or a combination of these [6]. While range shift may
alter the genetic diversity within species [11,12], range
reduction is most likely to cause loss of genetic diversity
[13,14] and may therefore severely limit the species’
ability to adapt to a changing climate [4].

Most species adapted to cold environments are
expected to suffer range reduction following climate
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warming [7,10]. In animals, demographically challenged
populations showed 22—-26% reduction in genetic diver-
sity relative to healthy populations [15], and two of
three studied lizard species and one cold-adapted aquatic
mayfly were expected to experience genetic depaupera-
tion owing to climate change [16,17]. By contrast, in
the only plant species studied to date, the wind-dispersed
dwarf shrub Salix herbacea, a loss of 50 per cent of its
European range was estimated to cause a loss of only 5
per cent of its genetic diversity because of its high disper-
sal ability and history of broad-fronted postglacial
colonization [18]. Thus, species traits that influence the
distribution of genetic diversity within and among popu-
lations [19,20] may also determine the susceptibility of
species to genetic diversity loss when their ranges are
reduced, and their consequent vulnerability to loss of
evolutionary potential [3].

Here, we use published and new amplified fragment
length polymorphism (AFLP) data combined with a ran-
domization procedure to estimate loss of genetic diversity
under increasing loss of range for 27 northern plant
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species, and explore the effect of different species traits.
We also explore whether genetic differentiation among
populations (Fst), which is available for thousands of
species, can be used as a proxy for predicting the genetic
vulnerability of species to climate change. Finally, we use
an ensemble of species distribution models (SDMs) to
estimate the expected range reduction and associated
loss of genetic diversity under two different global circula-
tion models (GCMs) and two emission scenarios. Our
results show that the expected genetic consequences of
climate change differ markedly among species according
to their adaptations to seed dispersal and growth forms,
and that it is possible to predict the genetic consequences
of range reduction by combining species modelling
approaches with prior knowledge on species traits and/
or Fgr estimates.

2. MATERIAL AND METHODS

(a) Species

We analysed 27 plant species typically occurring in the bio-
climatic zones at the tree line and beyond, i.e. the alpine and
arctic zones. Information on the following species traits
was compiled from the literature and databases: dispersal
adaptation, growth form, pollination mode, breeding system,
northernmost bioclimatic zone where it occurs, temperature
tolerance and current geographical distribution type (see the
electronic supplementary material).

(b) Loss of genetic diversity

We analysed 73—958 individual plants from 14 to 131 local
populations of each species and assessed levels of genetic
diversity from AFLP data (78-334 markers per species,
see the electronic supplementary material). For 24 of the
species, full details of data collection and genetic structuring
have been published elsewhere (electronic supplementary
material, table S1).

To estimate loss of genetic diversity expected as a conse-
quence of range loss, we first divided the total study area
according to an arbitrary grid of 500 x 500 km cells using
ARrRcMaAP v. 9.2 and the Lambert azimuthal-equal area projec-
tion of the Northern Hemisphere (figure 1). This was
performed to account for differences in sampling intensity
in different areas. For each species, only grid cells containing
sampling localities were retained. The genetic consequences
of range reduction were estimated as the loss of AFLP mar-
kers occurring from randomly removing an increasing
number of grid cells. This procedure was repeated 1000
times to create a look-up table for minimum, maximum,
mean and median number of markers lost for increasing
numbers of grid cells removed.

We expressed the number of AFLP markers lost relative to
genetic diversity among individuals. Considering that a species
would have lost all its genetic diversity when the last remaining
population consists of identical individuals, we defined total
loss of diversity as the total number of markers minus average
number of markers per individual. The estimated loss of gen-
etic diversity (Gyo) Was thus expressed relative to this total loss
as: Gy, = average number of markers lost/(total number of
markers — average number of markers per individual). We
investigated the sensitivity of our estimates to variation in
grid sizes and to geographical patterns in loss of genetic diver-
sity (loss of adjacent grid cells after starting at a random point,
see the electronic supplementary material).

Proc. R. Soc. B (2012)

(@)

@ DNA sampling points

O GBIF and random
distribution points

(b)

Figure 1. Estimating loss of genetic diversity and range
reduction, exemplified by data for Vaccinium uliginosum.
(a) DNA sampling points, the 500 x 500 km grid overlaying
the sampling points to adjust for variation in sampling inten-
sity, and distribution sampling points used for modelling
present and future distribution. GBIF, Global Biodiversity
Information Facility. Dark grey shows current distribution.
(b) Potential present and future (year 2080) distribution habi-
tats overlaid to show lost (red), stable (purple) and future new
habitat (blue). In this example, a 26% range reduction was
estimated for the A2 emission scenario and CCM3 global cir-
culation model, and there were 53 grid cells of 500 x 500 km
that contained samples. The predicted loss of 26% of the
range corresponded to a loss of 14 grid cells.

(c¢) Range reduction and range gain

To estimate range reduction and gain, we used SDMs relat-
ing observed species occurrences to environmental variables
[21]. These models are reported to be of moderate to good
quality with respect to reconstructing recent and Holocene
past distributions [22,23]. We selected three climatic variab-
les regarded as important in determining plant distributions
[24]: annual sum of precipitation, mean maximum tempera-
ture of the warmest month and mean minimum temperature
of the coldest month. These variables for current (1961—
1990) and future (2071-2100) conditions were extracted
from the Climate Research Unit (http:/www.cru.uea.ac.uk/)
and the Worldclim (http:/www.worldclim.org/) data centre
at a 10’ resolution. Future climates were represented by
Community Climate Model version 3 (CCM3) and Hadley
Centre Coupled Model version 3 (HadCM3) GCMs for
A2 (+3.2°C) and B2 (+1.0°C) emission scenarios [25].
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Observed distributions were digitized at the circumboreal/cir-
cumarctic scale from Hultén & Fries’ [26] distribution maps.
Because these polygon maps represented the extent of occur-
rence of the species, we selected a number of random
presences inside these polygons (resulting in one point for
1000 km?). We also added validated occurrence points from
the Global Biodiversity Information Facility (http:/www.gbif.
org/), and from our own field sampling locations (electronic sup-
plementary material, table S1). Selected climatic variables were
extracted for these points. We created spatially random pseudo-
absences (same number as presences) outside of these climatic
boundaries [27]. All presence and absence locations were sum-
marized in a 7.5 km resolution grid (North Pole Lambert
azimuthal-equal area projection, 1.4 million cells) to decrease
the pervasive effects of spatial autocorrelation. Current and
future climate were then resampled in the same 7.5 km grid to
run the projections.

SDMs were calibrated within the biomod package in R [28],
which capitalizes on seven widely used techniques (generalized
linear models, generalized additive models, classification tree
analysis, boosted regression trees, random forest, multiple
adaptive regression splines and mixture discriminant analysis)
to provide an ensemble of spatial projections. Model calibration
was performed on a random sample of the data (70%) and
model evaluation was carried out on the remaining 30 per
cent with the true skill statistic (T'SS) [29] and the area
under the receiver-operating characteristic plot [30]. Calibrated
models were then used to project current and future suitable
climatic habitats over the Northern Hemisphere north of
20°N latitude. We transformed the current occurrence prob-
abilities into presences/absences using two methods; the
thresholds that maximize (i) both the percentage of presences
and absences correctly predicted, and (ii) the TSS. We used
the same thresholds to convert future projections. To investigate
the uncertainty coming from the overall modelling approach,
we used the projections from the seven different SDMs, trans-
formed into presence—absence using the two above-mentioned
approaches (7 x 2 =14 projections for current climate and
each pair global circulation X emission scenario) to estimate
percentage of range reduction, range gain and range change.

Because the above-mentioned models can be overly com-
plex, we also performed a simple rectilinear envelop model
(surface range envelop [31]). The envelope is defined by
identifying maximum and minimum values for each variable
from observed presence of a species. Any presence with all
variables falling between these maximum and minimum
limits was included within the range that depicts the climatic
conditions within which the species have been recorded.
Being less constrained, the potential range is usually larger
than those estimated by more complex models.

(d) Loss of genetic diversity in the year 2080

The proportion of genetic diversity likely to be lost in the year
2080 was determined by evaluating the number of grid cells
corresponding to the estimated range reduction (see figure 1),
and then using the look-up table described earlier to deter-
mine the expected loss of genetic diversity for this value.
By choosing to use only predicted range loss, we ignore
that the levels of genetic diversity in the new range may
increase owing to increased mutation rate or introgression
[32]. We considered this to be suitable given that genetic
diversity in a new range has been shown to typically represent
a subset of the genetic diversity in the source populations
owing to bottlenecks and founder events [11,12,32], and
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given that we are considering a short time span. Based on a
similar argument, we also ignore that genetic diversity may
be retained if genotypes in extirpating populations manage
to escape into the stable parts of the range; studies have
shown that populations from southern portions of a geo-
graphical range may contribute little to genetic diversity of
more northern populations [33—-35].

(e) Statistical analyses

For each species, genetic differentiation among all sampled
populations (Fst) was estimated by an analysis of molecular
variance using the software ARLEQUIN v. 3.0 [36].

We tested for correlations among species’ traits using
linear models for correlations involving the continuous vari-
ables like northernmost bioclimatic zone and temperature,
and ) tests for 2 x2 contingency tables to test the strength
of association between categorical variables. We found a sig-
nificant correlation between growth form and dispersal
adaptation (electronic supplementary material, table S2).
As dispersal has higher impact on genetic diversity than
growth form [19,20], we kept dispersal adaptation. There
was also a significant correlation between northernmost
bioclimatic zones and both dispersal adaptations and breed-
ing system (electronic supplementary material, table S2).
As the thermal tolerance of the species was taken into
account through maximum and minimum temperatures, we
omitted the northernmost bioclimatic zone from further ana-
lyses. There was a marginal significant interaction between
breeding system and distribution, but this was ignored.

Expected loss of genetic diversity, which was expressed as
proportion, was arcsine (square root) transformed in all ana-
lyses, which according to Shapiro—Wilk tests normalized
distribution in all cases (p > 0.05) except for at 10 per cent
range reduction.

Linear models were used: (i) to investigate the effect of
dispersal adaptations, pollination mode, breeding system,
temperature tolerance and current geographical distribution
type on loss of genetic diversity given a certain range loss,
(i1) the usefulness of genetic differentiation (Fst) as a predic-
tor for the rate of genetic loss, and (iii) the effect of range
reduction by 2080 on loss of genetic diversity. Model selec-
tion was performed by Akaike’s Information Criterion
corrected (AICc) for small sample size ([37]; electronic sup-
plementary material, table S3). This model selection
criterion balances model complexity and model fit. The
AAICc of the best-fit model is zero, and models with
AAICc <2 have some support [37]. Candidate models
included models with single predictors and with all different
combinations of two predictors (electronic supplementary
material, table S3). The residuals of all selected models
were checked using diagnostic plots to see if they satisfac-
torily met the assumptions of linear models (stable
variance). Some outliers were discovered, but the same or
stronger correlations were found when we excluded the out-
liers. To check for possible bias owing to unequal numbers of
populations, individuals per populations or number of AFLLP
markers, each of these variables was added to the best candi-
date model as additional explanation variables. All analyses
mentioned above were performed in R v. 2.12 [38].

A possible problem with the above-mentioned analyses is
that species are treated as statistically independent units.
This approach compares the extant species situated at the
tip of the phylogenies (TIP). As plant traits are likely to
be correlated for phylogenetically related species, analyses


http://www.gbif.org/
http://www.gbif.org/
http://www.gbif.org/

Generic consequences of climate change

I. G. Alsos et al. 2045

Angelica archangelica Arabis alpina

Carex atrofusca Carex bigelowii

short distance

long distance

Betula pubescens

loss of genetic diversity (%)

~ ~4
- e
P Sl
100 Salix herbacea Vaccinium uliginosum
|
J
g
/i
- o
- Y |
1 o
_2 L d
> L
,...,-a—’ﬂ o ald

range reduction (%)

Figure 2. Estimated loss of genetic diversity as a function of decreasing range for 27 northern plant species. The bold line refers to
the median; the dark grey shaded area refers to 50% CI; the light grey shaded area refers to 90% CI; and the dashed lines refer to
minimum and maximum loss of genetic diversity. Vertical red lines show minimum and maximum range reduction expected by
the year 2080 by any of seven species distribution models, two emission scenarios and two global circulation models (see §2).

taking into account phylogeny may reveal different results.
Therefore, we also tested the effect of traits using phyloge-
netic-independent contrasts (PICs) [39]. We constructed a
phylogenetic tree (electronic supplementary material,
figure S2) using the online software Puyromatic (http:/
www.phylodiversity.net/phylomatic/phylomatic.html) and
choosing the angiosperm consensus tree [40]. A polytomy
in Ericaceae was resolved according to Kron et al. [41].
The gymnosperm Funiperus communis was regarded as
sister to all angiosperms. All branch lengths were assigned
a value of 1. The categorical variables such as dispersal,
range, breeding, pollination and life form were coded as
dummy variables (0,1). The PIC analyses were run in
COMPARE V. 4.6b [42]. A rough 95% CI for the regression
slopes was estimated as +1.96s.e. Effects were considered
significant, if the CI excluded zero.
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3. RESULTS

In all cases, the relationship between loss of genetic
diversity and loss of range was nonlinear, indicating
that the majority of genetic markers are shared among
geographical regions (figure 2). The rather narrow 90%
CI observed for the majority of species indicate that
loss of genetic diversity was in most cases rather indepen-
dent on the order in which parts of the range were lost,
and that loss could be estimated with high precision.
For some species, however, uncertainties were high,
especially Arabis alpina and Ranculus glacialis (figure 2).
The median, minimum and maximum loss of gene-
tic diversity remained largely similar in the analysis
modelling loss of geographically adjacent areas, but the

CI increased (see the electronic supplementary material,
figure S1).
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Loss of genetic diversity was best explained by disper-
sal adaptation alone, or by dispersal adaptation combined
with minimum temperature of the coldest month, or with
total distribution range according to the AICc (electronic
supplementary material, table S3). These results were
robust to differences in number of populations, mean
number of individuals per population and total number
of polymorphic markers (see the electronic supplemen-
tary material). Our estimates indicated that species
without adaptations to long-distance dispersal (and/or
herbaceous species) will lose genetic diversity at about
twice the rate of species adapted to long-distance disper-
sal by animals or wind (and/or woody species; figure 2
and table 1). The results were similar for TIP and PIC
analyses (table 1). However, dispersal adaptation was
strongly correlated with growth form in our set of species
(table 2 and electronic supplementary material, S2); thus,
the effect of these two traits could not be distinguished.
Importantly, but not unexpectedly, the rate of genetic
loss with range reduction was estimated to be higher for
species with higher genetic differentiation among popu-
lations (Fst; table 1). Most of the species lacking
adaptation to dispersal had Fgt values greater than 0.5,
whereas all but one species adapted to long-distance
dispersal had Fgt values less than 0.5 (table 2).

The prediction power of the SDMs was generally high
(area under the curve > 0.98, TSS > 0.85, electronic
supplementary material, table S4). For 18 of the species,
the predicted range reduction (median based on seven
techniques) exceeded 40 per cent for at least one emission
scenario and circulation model (table 2). Range reduction
was on average higher under emission scenario A2
(‘business as usual’, 36—43% reduction) than under B2
(‘reduced CO, emission’, 26-32% reduction), as
expected as the A2 scenario anticipates a more severe cli-
mate change than the B2 scenario (table 2). The range
gain was generally considerably lower than the range
reduction, and on average the range change was —24
per cent for A2 CCM3, —30 per cent for A2 HadCM3,
—16 per cent for B2 CCM3 and —22 per cent for B2
HadCM3 (electronic supplementary material, table S5).

According to the median of seven techniques, all
species except two very widespread, abundant and bird-
dispersed ones (F communis and Vaccinium uliginosum)
were predicted to lose some of their present genetic diver-
sity by 2080 (table 2). The estimated loss of genetic
diversity in Micranthes foliolosa was 30 per cent, and six
species were estimated to lose more than 20 per cent of
their genetic diversity according to at least one scenario
(table 2). However, there was a large gap between mini-
mum and maximum estimated range reduction, and all
species were expected to lose range under some models
(electronic supplementary material, table S5). In the
worst case scenario, assuming that the model estimating
the maximum range reduction will be realized, and that
the corresponding loss of genetic diversity will be at the
maximum value (crossing point between right red bar
and upper dashed line in figure 2), all species were
expected to lose some genetic diversity, one-third of
them greater than 50 per cent.

The median estimated loss of genetic diversity differed
only slightly among the emission scenarios and GCMs
(table 2). Species expected to lose more of their range
were also prone to more severe genetic loss: range reduction
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alone explained 66—74% of the variation in estimated loss
of genetic diversity among species (not shown).

4. DISCUSSION

Our results show that species traits which are well known
to influence patterns of genetic diversity within and
among populations, also affect the predicted loss of gen-
etic diversity, and thereby the susceptibility of species to
genetic depauperation under range reduction. As our
modelling predicts range reduction and loss of genetic
diversity by 2080 in all 27 species according to at least
one scenario, it can be expected that climate warming
will have a major impact on the future range sizes and
levels of genetic diversity in northern plant species.
Because genetic diversity is important not only for
species’ persistence and evolutionary potential [3,4], but
also for community structure and ecosystem resilience
[43], climate change-induced loss of genetic diversity
may be expected to affect all levels of biodiversity.

(a) Vulnerability to loss of genetic diversity

The precision of our predicted loss of genetic diversity lar-
gely depended on the geographical distribution of genetic
diversity within the species. For species with a rather even
level of genetic diversity throughout most of its distribution
range, as e.g. in Carex bigelowii and S. herbacea [18,44,45],
the prediction intervals are fairly small with the minimum
and maximum predicted loss of genetic diversity close to
the median, indicating that the effect of range reduction
is rather independent on which part of the range is lost
(figure 2). However, for species such as those with high
levels of genetic diversity in southern alpine areas and
hardly any diversity in northern areas, as observed in
A. alpina and R. glacialis [46,47], the future loss of genetic
diversity will strongly depend on which part of the range is
lost. As southern populations are most likely to get lost
(cf. figure 1), the expected loss of genetic diversity is
likely to be at the maximum estimates (figure 2), and
thus cause severe genetic depauperation.

Dispersal adaptations appear to be important in deter-
mining the rate of loss of genetic diversity. This is not
surprising, as dispersal adaptations influence the level of gen-
etic differentiation among plant populations [19,20,48].
Also among our species, those adapted to long-distance dis-
persal had lower Fst values than the species lacking such
adaptations. However, given the strong correlation between
dispersal adaptations and growth form in our dataset, the
differences we observed among short- and long-distance
dispersers may be based on a combination of these two
species traits. Growth form may indeed also contribute to
shaping genetic patterns, as woody species (especially
trees) often have a larger stature and lower population
densities, which could result in higher pollen and seed dis-
persal [19]. A recent meta-analysis showed, however, that
woody and herbaceous species may experience similar loss
of genetic diversity, a consequence of habitat fragmentation
[14]. Woody species may also suffer more from inbreeding
depression than herbaceous plants, and thus have a higher
selection pressure than inbreds [49]. In addition, many
species among our long-distance dispersers occur abundan-
tly as vegetation dominants with very high seed outputs,
which may further facilitate long-distant gene flow. The
typically high levels of gene flow among populations of
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Table 2. Estimated range reduction (R..q4,%, median of seven techniques) and associated estimated loss of genetic diversity
(Glossy %) for 27 northern plant species, according to the A2 and B2 emission scenarios and the CCM3 and HadCM3 global
circulation models. (Dispersal: S, short-distance; L, long-distance. Growth form: H, herbaceous; W, woody. Genetic

differentiation among populations (Fst).)

A2 B2
A2 CCM3 HadCM3 B2 CCM3 HadCM3
growth

species diSpersal form FST Rred. Gloss Rred. Gloss Rred. Gloss Rred. Gloss
Angelica archangelica S H 0.40 51 15 63 22 38 9 51 15
Arabis alpina S H 0.86 24 8 34 15 17 6 26 8
Arctous alpinus L w 0.32 41 6 49 9 28 3 36 5
Awvenella flexuosa L H 0.24 25 1 33 2 18 1 26 1
Betula nana L W 0.20 45 7 49 8 35 5 39 6
Betula pubescens L W 0.05 38 6 55 11 29 4 41 6
Carex atrofusca S H 0.93 47 23 49 23 35 14 39 18
Carex bigelowii S H 0.44 45 19 47 19 34 11 38 13
Cassiope tetragona S W 0.29 43 9 47 10 32 5 37 7
Chamerion L H 0.24 8 0 11 1 6 0 6 0

angustifolium
Dryas octopetala L W 0.46 26 3 34 4 18 2 25 3
Empetrum L W 0.56 29 2 39 4 20 2 27 2

nigrum s.lat.
Funcus biglumis S H 0.85 44 23 45 23 33 15 36 19
Funiperus communis L W 0.27 11 0 17 0 7 0 10 0
Loiseleuria W 0.68 41 4 51 6 29 2 39 4

procumbens
Micranthes foliolosa S H 0.66 60 30 48 24 43 20 37 20

s.lat.
Micranthes stellaris S H 0.68 30 8 43 19 22 3 33 11
Minuartia biflora S H 0.92 44 21 48 27 34 16 39 21
Pedicularis oederi S H 0.55 31 6 42 11 22 5 29 6
Ranunculus glacialis S H 0.60 28 8 41 17 21 8 32 12
Ranunculus pygmaeus S H 0.94 41 21 49 24 32 21 40 21
Rubus chamaemorus L H 0.40 43 9 50 11 31 6 38 7
Salix herbacea L W 0.40 28 3 39 4 22 2 31 3
Saxifraga rivularis S H 0.58 61 9 55 5 46 2 42 2
Thalictrum alpinum S H 0.34 23 2 30 4 16 1 22 2
Vaccinium uliginosum L W 0.35 26 0 34 0 19 0 25 0
Vaccinium wvitis-idaea L W 0.38 37 3 47 4 24 1 33 3
average for all species 36 9 43 11 26 6 32 8

long-distance-dispersed woody species [19,20] create a gen-
etic pattern which make species less vulnerable to loss of
genetic diversity during range reduction. As loss of genetic
diversity is expected to adversely affect the ability of popu-
lations to evolve and cope with environmental change and
thereby increase the risk of extinction [50,51], short-
distance-dispersed herbs may be expected to enter the
extinction vortex more rapidly. Using knowledge on species
traits may thus help us forecast which species are at risk.

The strong correlation we found between Fst and loss
of genetic diversity, suggests that Fgt values can be used
as a proxy for predicting the genetic vulnerability of
species to climate change. However, as estimates of Fsp
Gst or related measures of population differentiation
depend on the type of genetic markers used, the geogra-
phical scale of the study, the number of individuals and
populations sampled, and the estimator used [52-54],
the actual Fgt estimates should be evaluated in the light
of these sources of bias.

Our AFLP-based predicted loss mainly represents
loss of neutral genetic diversity [55], whereas species’
abilities to adapt and survive climate change mainly
depend on adaptive genetic variation. Although methods
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for estimating range-wide levels of adaptive genetic vari-
ation are under development [56], it is still not feasible
to apply them to approximately 10 000 samples of 27
different species as studied here. Neutral genetic variation
can be expected to be lost at a rate similar to that of adap-
tive genetic variation [57], but the differentiation among
populations is typically higher when based on adaptive
than on neutral genetic diversity [58,59]. It is therefore
likely that our estimates are underestimating the actual
loss of evolutionary potential.

(b) Prediction for 2080

Overall, the range changes modelled for these northern
species in 2080 (electronic supplementary material, table
S5) were slightly higher than those modelled for temperate
tree species under the HadCM3 GCM and A2 (30% versus
22%) or B2 (22% versus 19%) emission scenarios [60],
and that modelled for 84 Danish temperate species (29%
and 12% for scenarios A2 and B2, respectively) [61]. In
addition, alpine species are expected to lose more habitat
than boreal species [10]. Thus, it is reasonable to suggest
that susceptibility to climate warming-induced range
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reduction and associated loss of genetic diversity will be
highest in species restricted to cold climates.

Currently, The International Union for Conservation of
Nature [62] red list criteria do not take genetic diversity
into account, but species with a population reduction
expected in the future (up to a maximum of 100 years)
should be listed as critically endangered, endangered or
vulnerable if the expected range reduction is greater than
or equal to 80 per cent, greater than or equal to 50 per
cent, or greater than or equal to 30 per cent, respectively.
As many as 26 of the 27 rather common and widely distrib-
uted species studied here fall within these categories
according to at least one emission scenario, modelling tech-
nique and global distribution model (figure 2). Given the
high number of species that are expected to become vulner-
able or threatened by 2080 [10], it will become difficult to
prioritize species for conservation. As our study indicates
that the genetic consequences of range reductions are
remarkably different among species, genetic parameters
should be considered in future management assessment.

SDMs are widely used for management purposes [63].
The prediction power of these models in our dataset was
high, and we show that they may also, combined with
genetic data, be a useful tool for estimating expected loss
of genetic diversity. Nevertheless, these models do not
take into account mechanisms such as changes in biotic
interactions, potential for rapid adaptations or time lag.
Although some newly developed spatially explicit models
are able to account for these factors [64,65], they are not
ready to be implemented for a large set of species and to
be run over the whole arctic—alpine region. When species
shift ranges, some populations may persist at the rear edge
and conserve local genetic variants. If this is the case, then
our approach may overestimate habitat loss and associated
loss of genetic diversity. Research on rear-edge populations
is still limited [34], and their response to climate change
may be challenging to model [2]. Populations may persist
if they are able to colonize adjacent microhabitats in hetero-
geneous landscapes [2,34], if they are able to endure long
periods without recruitment (owing to, e.g. clonal growth,
persistent seed bank, long lifespan, etc.) [2,34], and/or
because they adapt to the changing climate [7,66,67]. We
assume that switching of microhabitats is equally likely in
short- and long-distance-dispersed species. Extinction lags
are more pronounced in long-lived woody species than in
herbaceous species [9], but this might be outweighed by
the faster evolutionary rate in herbaceous than woody
species [68]. Also, as good dispersal ability is likely to
enhance both the ability of range change and adaptive evol-
ution [67], we think that any uncertainties in the models are
likely to increase rather than decrease the differences we
observed in susceptibility to loss of genetic diversity in
woody, long-distance-dispersed compared with herbaceous,
short-distance-dispersed species.

5. CONCLUSIONS

Our study shows that Fst values, which are available for a
wide range of species, as well as species traits such as dis-
persal adaptation and growth form, can be used to predict
a species’ susceptibility to loss of genetic diversity follow-
ing climate change. As it is important to assess and
commence management actions before genetic diversity
is lost [69], we advocate to combine SDM with data on
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genetic differentiation and/or species traits to predict
which species are at highest risk of losing genetic diversity
in a changing climate. Such an approach will facilitate
rational prioritization of conservation efforts.

We thank our many colleagues and field assistants for help with
providing plant samples for AFLP analyses, the authorities
in various regions for collection permits and help with
field logistics, L. G. Kvernstuen and V. Mirré for laboratory
assistance, I. Skrede and K. Westergaard for providing us
with the raw data used in their published papers, N. Yoccoz
for help with model selection, and J. Berge, O. Gaggiotti, and
G. Mclnerny and two anonymous referees for comments on
earlier versions of the manuscript. Part of the material was
obtained via the Tundra NorthWest (TNW) 1999 and the
Beringia 2005 expeditions funded by the Polar Research
Secretariat at the Royal Swedish Academy of Sciences. The
work was funded by grant no. 150322/720 to C.B. from the
Research Council of Norway, by Erwin-Schrodinger-Stipends
from the Austrian Science Fund to P.S. (J2311-B03) and
A.T. (J2303-B03), and by the ANR DIVERSITALP (ANR-
07-BDIV-014) and EVORANGE (ANR-09-PEXT-011)
projects to W.T. This research was also conducted as part of
the ECOCHANGE project, funded by the Sixth European
Framework Programme (GOCE-CT-2007-036866).

REFERENCES

1 Walker, M. D. er al. 2006 Plant community responses to
experimental warming across the tundra biome. Proc.
Natl Acad. Sci. USA 103, 1342-1346. (doi:10.1073/
pnas.0503198103)

2 Thuiller, W. ez al. 2008 Predicting global change impacts
on plant species’ distributions: future challenges. Perspect.
Plant Ecol. Evol. Syst. 9, 137—152. (doi:10.1016/j.ppees.
2007.09.004)

3 Frankham, R., Ballou, J. D. & Briscoe, D. A. 2009
Introduction to conservation genetics, 2nd edn. Cambridge,
UK: Cambridge University Press.

4 Jump, A. S., Marchant, R. & Pefnuelas, J. 2009 Environ-
mental change and the option value of genetic diversity.
Trends Plant. Sci. 14, 51-58. (doi:10.1016/j.tplants.
2008.10.002)

5 Doi, H., Takahashi, M. & Katano, I. 2010 Genetic diver-
sity increases regional variation in phenological dates
in response to climate change. Glob. Change Biol. 16,
373-379. (doi:10.1111/j.1365-2486.2009.01993.x)

6 Davis, M. B., Shaw, R. G. & Etterson, J. R. 2005
Evolutionary responses to changing climate. Ecology 86,
1704-1714. (doi:10.1890/03-0788)

7 Parmesan, C. 2006 Ecological and evolutionary
responses to recent climate change. Annu. Rev. Ecol.
Ewvol. Syst. 37, 637-669. (doi:10.1146/annurev.ecolsys.
37.091305.110100)

8 Breshears, D. D., Huxman, T. E., Adams,H.D., Zou, C.B. &
Davison, J. E. 2008 Vegetation synchronously leans
upslope as climate warms. Proc. Nail Acad. Sci. USA
105, 11591-11592. (doi:10.1073/pnas.0806579105)

9 Lenoir, J., Gégout, J. C., Marquet, P. A., de Ruffray, P. &
Brisse, H. 2008 A significant upward shift in plant species
optimum elevation during the 20th century. Science 320,
1768-1771. (doi:10.1126/science.1156831)

10 Thuiller, W., Lavorel, S., Araujo, M. B., Sykes, M. T. &
Prentice, I. C. 2005 Climate change threats to plant
diversity in Europe. Proc. Natl Acad. Sci. USA 102,
8245-8250. (d0i:10.1073/pnas.0409902102)

11 Mclnerny, G. J., Turner, J. R. G., Wong, H. Y., Travis,
J. M. ]J. & Benton, T. G. 2009 How range shifts induced
by climate change affect neutral evolution. Proc. R. Soc. B
276, 1527-1534. (d0i:10.1098/rspb.2008.1567)


http://dx.doi.org/10.1073/pnas.0503198103
http://dx.doi.org/10.1073/pnas.0503198103
http://dx.doi.org/10.1016/j.ppees.2007.09.004
http://dx.doi.org/10.1016/j.ppees.2007.09.004
http://dx.doi.org/10.1016/j.tplants.2008.10.002
http://dx.doi.org/10.1016/j.tplants.2008.10.002
http://dx.doi.org/10.1111/j.1365-2486.2009.01993.x
http://dx.doi.org/10.1890/03-0788
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1073/pnas.0806579105
http://dx.doi.org/10.1126/science.1156831
http://dx.doi.org/10.1073/pnas.0409902102
http://dx.doi.org/10.1098/rspb.2008.1567

2050 1I. G. Alsos et al.

Genetic consequences of climate change

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Phillips, B. L., Brown, G. P. & Shine, R. 2010 Life-
history evolution in range-shifting populations. Ecology
91, 1617-1627. (doi:10.1890/09-0910.1)

Aguilar, R., Quesada, M., Ashworth, L., Herrerias-Diego,
Y. & Lobo, J. 2008 Genetic consequences of habitat frag-
mentation in plant populations: susceptible signals in
plant traits and methodological approaches. Mol. Ecol. 17,
5177-5188. (d0i:10.1111/j.1365-294X.2008.03971 .x)
Vranckx, G. U. Y, Jacquemyn, H., Muys, B. & Honnay, O.
In press. Meta-analysis of susceptibility of woody plants to
loss of genetic diversity through habitat fragmentation.
Conserv. Biol. (doi:10.1111/j.1523-1739.2011.01778.x)
Garner, A., Rachlow, J. L. & Hicks, J. F. 2005 Patterns of
genetic diversity and its loss in mammalian populations.
Conserv. Biol. 19, 1215-1221. (doi:10.1111/j.1523-
1739.2005.00105.x)

Tolley, K. A., Makokha, J. S., Houniet, D. T., Swart,
B. L. & Matthee, C. A. 2009 The potential for predicted
climate shifts to impact genetic landscapes of lizards in
the South African Cape floristic region. Mol. Phylogenet.
Evol. 51, 120-130. (d0i:10.1016/j.ympev.2008.11.017)
Taubmann, J., Theissinger, K., Feldheim, K., Laube, I.,
Graf, W., Haase, P, Johannesen, J. & Pauls, S. 2011
Modelling range shifts and assessing genetic diversity
distribution of the montane aquatic mayfly; Ameletus
nopinatus; in Europe under climate change scenarios.
Conserv. Gener. 12, 503-515. (doi:10.1007/s10592-
010-0157-x)

Alsos, I. G., Alm, T., Normand, S. & Brochmann, C.
2009 Past and future range shift and loss of genetic
diverstity in dwarf willow (Salix herbacea L.) inferred
from genetics, fossils, and modelling. Glob. Ecol. Biogeogr.
18, 223-239. (doi:10.1111/j.1466-8238.2008.00439.x)
Hamrick, J. L. & Godt, M. J. W. 1996 Effects of life-
history traits on genetic diversity in plant species. Phil.
Trans. R. Soc. Lond. B 351, 1291-1298. (d0i:10.1098/
rstb.1996.0112)

Thiel-Egenter, C. et al. 2009 Effects of species traits on
the genetic diversity of high-mountain plants: a multi-
species study across the Alps and the Carpathians. Glob.
Ecol. Biogeogr. 18, 78-87. (doi:10.1111/j.1466-8238.
2008.00421.x)

Guisan, A. & Thuiller, W. 2005 Predicting species distri-
bution: offering more than simple habitat models. Ecol.
Lerrz. 8, 993-1009. (doi:10.1111/j.1461-0248.2005.
00792.x)

Araujo, M. B., Pearson, R. G., Thuiller, W. & Erhard, M.
2005 Validation of species—climate impact models under
climate change. Glob. Change Biol. 11, 1504-1513.
(d0i:10.1111/j.1365-2486.2005.01000.x)

Pearman, P. B., Randin, C. F., Broennimann, O., Vittoz,
P, Van der Knaap, W. O., Engler, R., Lay, G. L.,
Zimmermann, N. E. & Guisan, A. 2008 Prediction of
plant species distributions across six millennia. Ecol.
Lerr. 11, 357-369. (doi:10.1111/5.1461-0248.2007.
01150.x)

Woodward, F. 1. 1987 Chmate and plant distribution.
Cambridge, UK: Cambridge University Press.
Nakicenovic, N. & Swart, R. (eds) 2000 Emissions
scenarios: a special report of working group III of the
intergovernmental panel on climate change. Cambridge,
UK: Cambridge University Press.

Hultén, E. & Fries, M. 1986 Atas of north European
vascular plants north of the tropic of Cancer. Konigstein,
Germany: Koeltz Scientific Books.

Le Maitre, D. C., Thuiller, W. & Schonegevel, L.
2008 Developing an approach to defining the potential
distributions of invasive plant species: a case study of
Hakea species in South Africa. Glob. Ecol. Biogeogr. 17,
569-584. (doi:10.1111/5.1466-8238.2008.00407.x)

Proc. R. Soc. B (2012)

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Thuiller, W., Lafourcade, B., Engler, R. & Araujo, M. B.
2009 BioMopb: a platform for ensemble forecasting of
species distributions. Ecography 32, 369-373. (doi:10.
1111/5.1600-0587.2008.05742.x)

Allouche, O., Tsoar, A. & Kadmon, R. 2006 Assessing
the accuracy of species distribution models: prevalence,
kappa and the true skill statistic (T'SS). ¥ Appl. Ecol. 43,
1223-1232. (d0i:10.1111/.1365-2664.2006.01214 %)
Swets, K. A. 1988 Measuring the accuracy of diagnostic
systems. Science 240, 1285-1293. (doi:10.1126/science.
3287615)

Busby, J. R. 1991 BioCLiM: a bioclimate analysis and pre-
diction system. In Nawure -conservation: cost effective
biological surveys and data analysis (eds C. R. Margules &
M. P. Austin), pp. 64—68. Canberra, Australia: CSIRO.
Excoffier, L., Foll, M. & Petit, R. J. 2009 Genetic conse-
quences of range expansions. Annu. Rev. Ecol. Evol. Syst.
40, 481-501. (doi:10.1146/annurev.ecolsys.39.110707.
173414)

Petit, R. J. et al. 2003 Glacial refugia: hotspots but
not melting pots of genetic diversity. Science 300,
1563-1565. (doi:10.1126/science.1083264)

Hampe, A. & Petit, R. J. 2005 Conserving biodiversity
under climate change: the rear edge matters. Ecol. Lett.
8, 461-467. (doi:10.1111/j.1461-0248.2005.00739.x)
Magri, D. er al. 2006 A new scenario for the Quaternary
history of European beech populations: palaeobotanical
evidence and genetic consequences. New Phytol. 171,
199-221. (doi:10.1111/j.1469-8137.2006.01740.x)
Excoffier, L., Laval, G. & Schneider, S. 2005 ARLEQUIN
v. 3.0: an integrated software package for population
genetics data analysis. Evol. Bioinform. 1, 47-50.
Burnham, K. & Anderson, D. 2007 Model selection and
multimodel inference: a practical information-theoretical
approach, 2nd edn. New York, NY: Springer.

R Development Core Team 2004 R: a language and
environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Felsenstein, J. 1985 Phylogenies and the comparative
method. Am. Nat. 125, 1-15. (do0i:10.1086/284325)
Davies, T. J., Barraclough, T. G., Chase, M. W., Soltis,
P. S., Soltis, D. E. & Savolainen, V. 2004 Darwin’s
abominable mystery: insights from a supertree of the
angiosperms. Proc. Natl Acad. Sci. USA 101, 1904—1909.
(d0i:10.1073/pnas.0308127100)

Kron, K. A., Judd, W. S., Stevens, P. F., Crayn, D. M.,
Anderberg, A. A., Gadek, P. A., Quinn, C. J. & Luteyn,
J. L. 2002 Phylogenetic classification of Ericaceae:
molecular and morphological evidence. Bor. Rev. 68,
335-423. (doi:10.1663/0006-8101(2002)068[0335:
PCOEMA]2.0.CO;2)

Martins, E. P. 2004 CoMPARE, version 4.6b. Computer pro-
grams for the statistical analysis of comparative data.

Bloomington, IN: Department of Biology, Indiana
University.
Hughes, A. R., Inouye, B. D., Johnson, M. T. ],

Underwood, N. & Vellend, M. 2008 Ecological conse-
quences of genetic diversity. Ecol. Lett. 11, 609-623.
(doi:10.1111/5.1461-0248.2008.01179.x)

Eidesen, P. B. 2007 Arctic—alpine plants on the move:
individual and comparative phylogeographies reveal
responses to climate change. PhD thesis, Natural History
Museum, Oslo, Norway.

Schonswetter, P., Elven, R. & Brochmann, C. 2008
Trans-Atlantic dispersal and large-scale lack of genetic
structure in the circumpolar, arctic—alpine sedge Carex
bigelowii s. 1. (Cyperaceae). Am. J. Bot. 95, 1006—1014.
(d0i:10.3732/ajb.2007196)

Schonswetter, P., Paun, O., Tribsch, A. & Niklfeld, H.
2003 Out of the Alps: colonization of northern Europe


http://dx.doi.org/10.1890/09-0910.1
http://dx.doi.org/10.1111/j.1365-294X.2008.03971.x
http://dx.doi.org/10.1111/j.1523-1739.2011.01778.x
http://dx.doi.org/10.1111/j.1523-1739.2005.00105.x
http://dx.doi.org/10.1111/j.1523-1739.2005.00105.x
http://dx.doi.org/10.1016/j.ympev.2008.11.017
http://dx.doi.org/10.1007/s10592-010-0157-x
http://dx.doi.org/10.1007/s10592-010-0157-x
http://dx.doi.org/10.1111/j.1466-8238.2008.00439.x
http://dx.doi.org/10.1098/rstb.1996.0112
http://dx.doi.org/10.1098/rstb.1996.0112
http://dx.doi.org/10.1111/j.1466-8238.2008.00421.x
http://dx.doi.org/10.1111/j.1466-8238.2008.00421.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00792.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00792.x
http://dx.doi.org/10.1111/j.1365-2486.2005.01000.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01150.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01150.x
http://dx.doi.org/10.1111/j.1466-8238.2008.00407.x
http://dx.doi.org/10.1111/j.1600-0587.2008.05742.x
http://dx.doi.org/10.1111/j.1600-0587.2008.05742.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01214.x
http://dx.doi.org/10.1126/science.3287615
http://dx.doi.org/10.1126/science.3287615
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173414
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173414
http://dx.doi.org/10.1126/science.1083264
http://dx.doi.org/10.1111/j.1461-0248.2005.00739.x
http://dx.doi.org/10.1111/j.1469-8137.2006.01740.x
http://dx.doi.org/10.1086/284325
http://dx.doi.org/10.1073/pnas.0308127100
http://dx.doi.org/10.1663/0006-8101(2002)068[0335:PCOEMA]2.0.CO;2
http://dx.doi.org/10.1663/0006-8101(2002)068[0335:PCOEMA]2.0.CO;2
http://dx.doi.org/10.1111/j.1461-0248.2008.01179.x
http://dx.doi.org/10.3732/ajb.2007196

Generic consequences of climate change

I. G. Alsos et al. 2051

47

48

49

50

51

52

53

54

55

56

57

by east Alpine populations of the glacier buttercup
Ranunculus glacialis L. (Ranunculaceae). Mol. Ecol. 12,
3373-3381. (d0i:10.1046/j.1365-294X.2003.01984.x)
Ehrich, D., Gaudeul, M., Assefa, A., Koch, M. A,
Mummenhoff, K., Nemomissa, S., Consortium, I. &
Brochmann, C. 2007 Genetic consequences of Pleisto-
cene range shifts: contrast between the Arctic, the
Alps and the east African mountains. Mol. Ecol. 16,
2542-2559. (d0i:10.1111/j.1365-294X.2007.03299.x)
Duminil, J., Fineschi, S., Hampe, A., Jordano, P., Salvini,
D., Vendramin, G. G. & Petit, R. J. 2007 Can population
genetic structure be predicted from life-history traits?
Am. Nat. 169, 662—672. (doi:10.1086/513490)
Duminil, J., Hardy, O. & Petit, R. 2009 Plant traits cor-
related with generation time directly affect inbreeding
depression and mating system and indirectly genetic
structure. BMC Ewol. Biol. 9, 177. (doi:10.1186/1471-
2148-9-177)

Spielman, D., Brook, B. W. & Frankham, R. 2004
Most species are not driven to extinction before gene-
tic factors impact them. Proc. Nail Acad. Sci. USA 101,
15261-15264. (d0i:10.1073/pnas.0403809101)
Frankham, R. 2005 Genetics and extinction. Biol. Con-
serv. 126, 131-140. (do0i:10.1016/j.biocon.2005.05.002)
Hedrick, P. W. 1999 Perspective: highly variable loci
and their interpretation in evolution and conservation.
Evolution 53, 313-318. (d0i:10.2307/2640768)

Bonin, A., Ehrich, D. & Manel, S. 2007 Statistical analy-
sis of amplified fragment length polymorphism data: a
toolbox for molecular ecologists and evolutionists. Mol.
Ecol. 16, 3737-3758. (doi:10.1111/j.1365-294X.2007.
03435.x)

Jost, L. 2008 Gst and its relatives do not measure
differentiation. Mol. Ecol. 17, 4015-4026. (doi:10.
1111/5.1365-294X.2008.03887.x)

Bonin, A., Nicole, F., Pompanon, F., Miaud, C. &
Taberlet, P. 2007 Population adaptive index: a new
method to help measure intraspecific genetic diversity
and prioritize populations for conservation. Conserv.

Biol. 21, 697-708. (doi:10.1111/.1523-1739.2007.
00685.x)
Allendorf, F. W., Hohenlohe, P. A. & Luikart, G. 2010

Genomics and the future of conservation genetics. Nat.
Rev. Gener. 11, 697-709. (doi:10.1038/nrg2844)
Gilligan, D. M., Briscoe, D. A. & Frankham, R.
2005 Comparative losses of quantitative and molecular
genetic variation in finite populations of Drosophila
melanogaster. Genet. Res. 85, 47-55. (doi:10.1017/
S0016672 305007342)

Proc. R. Soc. B (2012)

58

59

60

61

62

63

64

65

66

67

68

69

Latta, R. G. 2004 Gene flow, adaptive population diver-
gence and comparative population structure across loci.
New Phyrol. 161, 51-58. (doi:10.1046/j.1469-8137.
2003.00920.x)

Leinonen, T., O’Hara, R. B., Cano, J. M. & Meril4, J.
2008 Comparative studies of quantitative trait and neu-
tral marker divergence: a meta-analysis. ¥ Ewvol. Biol.
21, 1-17. (doi:10.1111/j.1420-9101.2007.01445 .x)
Morin, X., Viner, D. & Chuine, I. 2008 Tree species
range shifts at a continental scale: new predictive insights
from a process-based model. ¥ Ecol. 96, 784—794.
(doi:10.1111/.1365-2745.2008.01369.x)

Normand, S., Svenning, J.-C. & Skov, F. 2007 National and
European perspectives on climate change sensitivity of
the habitats directive characteristic plant species. ¥ Nar.
Conserv. 15, 41-53. (d0i:10.1016/j.jnc.2006.09.001)
IUCN 2001 Red list categories and criteria, version 3.1.
See http:/www.iucnredlist.org/technical-documents/cat-
egories-and-criteria/2001-categories-criteria.

Aragjo, M. B., Alagador, D., Cabeza, M., Nogués-Bravo,
D. & Thuiller, W. 2011 Climate change threatens
European conservation areas. Ecol. Lert. 14, 484—492.
(doi:10.1111/.1461-0248.2011.01610.x)

Keith, D. A., Akgakaya, H. R., Thuiller, W., Midgley,
G. F, Pearson, R. G., Phillips, S. J., Regan, H. M.,
Araujo, M. B. & Rebelo, T. G. 2008 Predicting extinction
risks under climate change: coupling stochastic
population models with dynamic bioclimatic habitat
models. Biol. Lett. 4, 560—563. (d0i:10.1098/rsbl.2008.
0049)

Midgley, G. F. ez al. 2010 BioMoveE: an integrated plat-
form simulating the dynamic response of species to
environmental change. Ecography 33, 612—616. (doi:10.
1111/5.1600-0587.2009.06000.x)

Berteaux, D., Reale, D., McAdam, A. G. & Boutin, S.
2004 Keeping pace with fast climate change: can arctic
life count on evolution? Integr. Comp. Biol. 44, 140—151.
(doi:10.1093/icb/44.2.140)

Lavergne, S., Mouquet, N., Thuiller, W. & Ronce, O.
2010 Biodiversity and climate change: integrating evol-
utionary and ecological responses of species and
communities. Annu. Rev. Ecol. Evol. Syst. 41, 321-350.
(doi:10.1146/annurev-ecolsys-102209-144628)

Smith, S. A. & Beaulieu, J. M. 2009 Life history influ-
ences rates of climatic niche evolution in flowering
plants. Proc. R. Soc. B 276, 4345-4352. (doi:10.1098/
rspb.2009.1176)

Hoglund, J. 2009 Ewvolutionary conservation genetics.
New York, NY: Oxford University Press.


http://dx.doi.org/10.1046/j.1365-294X.2003.01984.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03299.x
http://dx.doi.org/10.1086/513490
http://dx.doi.org/10.1186/1471-2148-9-177
http://dx.doi.org/10.1186/1471-2148-9-177
http://dx.doi.org/10.1073/pnas.0403809101
http://dx.doi.org/10.1016/j.biocon.2005.05.002
http://dx.doi.org/10.2307/2640768
http://dx.doi.org/10.1111/j.1365-294X.2007.03435.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03435.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03887.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03887.x
http://dx.doi.org/10.1111/j.1523-1739.2007.00685.x
http://dx.doi.org/10.1111/j.1523-1739.2007.00685.x
http://dx.doi.org/10.1038/nrg2844
http://dx.doi.org/10.1017/S0016672305007342
http://dx.doi.org/10.1017/S0016672305007342
http://dx.doi.org/10.1046/j.1469-8137.2003.00920.x
http://dx.doi.org/10.1046/j.1469-8137.2003.00920.x
http://dx.doi.org/10.1111/j.1420-9101.2007.01445.x
http://dx.doi.org/10.1111/j.1365-2745.2008.01369.x
http://dx.doi.org/10.1016/j.jnc.2006.09.001
http://www.iucnredlist.org/technical-documents/categories-and-criteria/2001-categories-criteria
http://www.iucnredlist.org/technical-documents/categories-and-criteria/2001-categories-criteria
http://www.iucnredlist.org/technical-documents/categories-and-criteria/2001-categories-criteria
http://dx.doi.org/10.1111/j.1461-0248.2011.01610.x
http://dx.doi.org/10.1098/rsbl.2008.0049
http://dx.doi.org/10.1098/rsbl.2008.0049
http://dx.doi.org/10.1111/j.1600-0587.2009.06000.x
http://dx.doi.org/10.1111/j.1600-0587.2009.06000.x
http://dx.doi.org/10.1093/icb/44.2.140
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144628
http://dx.doi.org/10.1098/rspb.2009.1176
http://dx.doi.org/10.1098/rspb.2009.1176

	Genetic consequences of climate change for northern plants
	Introduction
	Material and methods
	Species
	Loss of genetic diversity
	Range reduction and range gain
	Loss of genetic diversity in the year 2080
	Statistical analyses

	Results
	Discussion
	Vulnerability to loss of genetic diversity
	Prediction for 2080

	Conclusions
	We thank our many colleagues and field assistants for help with providing plant samples for AFLP analyses, the authorities in various regions for collection permits and help with field logistics, L. G. Kvernstuen and V. Mirré for laboratory assistance, I. Skrede and K. Westergaard for providing us with the raw data used in their published papers, N. Yoccoz for help with model selection, and J. Berge, O. Gaggiotti, and G. McInerny and two anonymous referees for comments on earlier versions of the manuscript. Part of the material was obtained via the Tundra NorthWest (TNW) 1999 and the Beringia 2005 expeditions funded by the Polar Research Secretariat at the Royal Swedish Academy of Sciences. The work was funded by grant no. 150322/
	REFERENCES


