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Summary

� In view of global climate change, it is important to understand the responses of tree species

to climate changes in the past. Combinations of phylogeographic analysis of genetic evidence,

coupled with species distribution models (SDMs), are improving our understanding on this

subject.
� We combined SDMs and microsatellite data from populations of the entire range of

Austrocedrus chilensis, a dominant mesotherm (cold-sensitive) conifer of dryland forests of

the southern Andes, to test the hypothesis of long-distance postglacial migration from north-

ern and warmer refugia at the Last Glacial Maximum (LGM).
� The SDM indicated suitable conditions for Austrocedrus in northern Chile (western) at the

LGM and largely unsuitable conditions in Argentina (eastern). Population genetic diversity

and effective population sizes within populations decreased southward along the Andes, con-

sistent with the hypothesis of long-distance dispersal from a northern refugium.
� Results support the hypothesis of one (or a few) warmer (low latitude) refugia in Chile for

Austrocedrus. On balance, the evidence suggests that in contrast to cold-tolerant tree taxa

with the capacity to fast-track postglacial warming thanks to local refugia, cold-sensitive spe-

cies might have undergone long-distance range expansion, lagging behind progressive cli-

mate change throughout the Holocene.

Introduction

In the face of changing climate, plant species can retract and
endure locally, and recolonize afterwards, but they can alterna-
tively undergo massive range shifts, both before and after such
periods. At least those have been the observed alternative
responses of plant species to past climate changes. Understanding
the adaptive implications of such alternative responses is key to
our assessment of any species’ potential to survive past, impend-
ing or future climate changes (Pearson et al., 2006). Postglacial
Holocene warming provides the most recent episode of species’
responses to changing environmental conditions. Over recent
decades a wealth of paleoecological evidence has shown extremely
rapid recolonization rates (in excess of 1 km yr�1), suggesting fac-
ile dispersal and malleable demography (Petit et al., 2008). New
evidence suggests slower migration rates (< 0.1 km yr�1)
and lower species capacities to track future climate change
(McLachlan et al., 2005).

Past demographic events leave long-lasting imprints on mod-
ern-day genetic patterns that might help to solve some of the
ambiguities of pollen signatures (Hu et al., 2009; Hampe

et al., 2013). Range expansion, typically involving a succession of
founder events, leaves a signature of declining genetic diversity
with increasing distance from the origin of expansion (Slatkin &
Excoffier, 2012). In addition, range expansions tend to produce
gradients in allele frequencies along the axis of the expansion (Slat-
kin & Excoffier, 2012); creating clinal patterns (D�ebarre et al.,
2013). Furthermore, species distribution models (SDMs) provide
valuable information on potential range retractions and expan-
sions under different climatic circumstances (Nogu�es-Bravo,
2009). Combinations of paleoecological and phylogeographic
analyses of genetic evidence, coupled with SDMs, are improving
our understanding of how species responded to past climatic
changes (Ortego et al., 2012; Gavin et al., 2014).

Despite increased awareness that species may have survived in
small patches of environmentally favorable microclimate at the
Last Glacial Maximum (LGM, 21 000 yr before present, kyr BP),
even under harsh conditions at higher latitudes (Markgraf
et al., 1995), it is clear that such local refugia cannot be viewed as
generally available to plants with different tolerances to climatic
conditions. Conversely, if recolonization rates were slow, and
species retreated to single distant refugia without leaving scattered
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populations, time lags are expected for recolonization, subsequent
to later environmental amelioration (Normand et al., 2011).
Such time lags imply that taxa may remain for extended periods
of time in a state of nonequilibrium with current climate
(Birks, 1981; Svenning & Skov, 2004, 2007). It becomes impor-
tant to distinguish between climate-responsive (fast-track) taxa,
capable of surviving in small local populations that have
responded rapidly to amelioration, and dispersal-limited (slow-
track) taxa that have retreated to LGM areas (at lower latitudes),
and which have experienced extensive postglacial recolonization
histories.

A suite of genetic studies in temperate South America suggest
that relatively microthermic (cold-tolerant) forest dominant
woody genera (Nothofagus, Araucaria, Fitzroya, Pilgerodendron,
Podocarpus, Embothrium) were able to survive glacial
periods locally in multiple ice-free, high-latitude refugia (sensu
Premoli, 1998) as isolated populations (Premoli, 1997; Premoli
et al., 2000, 2002; Souto & Premoli, 2008; Mathiasen & Premo-
li, 2010; Quiroga & Premoli, 2010; Vidal-Russell et al., 2011;
Acosta et al., 2014). In addition, palynological evidence from
formerly glaciated areas shows early reoccupation, indicated by
pollen increases for these taxa, shortly after deglaciation (Markg-
raf et al., 2013; Supporting Information Table S1).

The location of glacial refugia and the postglacial migrational
history of the mesothermic – drought-tolerant – Austrocedrus
chilensis (hereafter Austrocedrus) is less clear. Biogeographic pat-
terns of isozyme (Pastorino & Gallo, 2002) and microsatellite
variation (Arana et al., 2010), proposed that during glacial times
the species may have retracted eastwards to multiple marginal
populations toward the Patagonian steppe (outside ice-covered
areas). These studies, however, assessed nuclear genetic variation
for populations only along the eastern (Argentine) range, lack-
ing population samples from west of the Andes in Chile. Sce-
narios of eastern populations acting as local sources of fast-track
postglacial colonization into extant western mesic populations
do not fully match the pollen record of the region (Table S1).
In particular, records described so far show a hiatus of Cupress-
aceae pollen from the late postglacial, followed later by a sudden
mid-Holocene pulse. Such a time lag seems incompatible with a
fast-track expansion of Austrocedrus from nearby refugia. How-
ever, pollen records do not always discriminate between small
remnant populations suggesting local persistence (sometimes
referred to as ‘cryptic refugia’), and deposition of pollen that
might have arrived from distant sources. A possible complica-
tion with using the pollen record, however, is that Austrocedrus
has the same pollen type as two other genera of the Cupress-
aceae, Fitzroya cupressoides and Pilgerodendron uviferum
(Markgraf et al., 2013), both water-tolerant microtherms (cold-
tolerant). Both species seem to have persisted in multiple east-
Andean refugia during glacial times, compatible both with their
continuous pollen records (Table S1) and available molecular
genotypes (Allnutt et al., 1999, 2003; Premoli et al., 2000,
2001). So, typical early postglacial Cupreassaceae pollen peaks
used as an additional argument to support multiple eastern refu-
gia hypothesis of Austrocedrus may possibly reflect expansion
from local refugia by Fitzroya and Pilgerodendron.

In order to resolve the uncertainties about postglacial recolon-
ization pattern for Austrocedrus, we constructed an SDM and
combined that with a species-wide analysis of nuclear microsatel-
lite markers. Our objectives were to: analyze range expansion,
divergence time and migration estimates, based on coalescent
models, and construct a credible scenario of glacial retraction/
postglacial recolonization for Austrocedrus. We also elaborate
upon the past potential distribution of Austrocedrus and a net-
work of existing pollen records to discuss emerging hypotheses
and predictions for the future of this species, under current and
projected climate change.

Materials and Methods

Austrocedrus chilensis (D. Don) Florin & Boutelje is one of the
three monotypic genera of the Patagonian conifer family
Cupressaceae. Austrocedrus is a dioecious (but occasionally dicli-
nous monoecious) tree species. The pollen has limited wind dis-
persal (Markgraf et al., 1981) and 95% of winged seeds disperse
< 43 m from a given forest boundary (Kitzberger, 1994).
Austrocedrus has a naturally fragmented latitudinal range along
the Andean cordillera. West of the Andes in Chile, Austrocedrus
has a restricted range covering < 45 000 ha (CONAF et al.,
1999), and it occurs in small, isolated populations as far north as
32°39ʹS, but in relatively larger populations between 34°45ʹ and
38°S (Veblen et al., 1995) in both the Andes and the Coastal
Cordillera. Further South, it reappears sporadically, at 40°30ʹS
(Veblen & Schlegel, 1982) and at 43°36ʹS, on the western
outskirts of more a continuous forest in Argentina, where the spe-
cies occurs as denser but naturally fragmented stands (Dezzotti &
Sancholuz, 1991), with a total area of c. 13.6 Mha
(Bran et al., 2002). On the eastern slopes of the Argentinean An-
des, the northernmost zone of occupation ranges from 37°07ʹS
to 39°30ʹS, mostly as scattered populations. It extends southward
to 43°44ʹS (Bran et al., 2002) as a 60–80-km-wide strip of
increasingly larger populations, with a more continuous distribu-
tion towards the south (Seibert, 1972). Austrocedrus is now listed
as Vulnerable, and is at high risk of extinction (IUCN, 2014).

Austrocedrus experiences Mediterranean-type climates, with
annual rainfall between 500 and 1700 mm and up to 6 months
of summer water deficit, reflecting its drought tolerance
(Veblen et al., 1995). In areas of higher rainfall Austrocedrus is
outcompeted by Nothofagus species, except in xeric microsites of
low productivity, such as rock outcrops. Austrocedrus occupies
mild topographic positions such as northerly aspects, and it is vir-
tually absent from cold-air drainage valley bottoms, as it is intol-
erant of cold frost-prone conditions, making it a species with
relatively mesothermal requirements (Donoso, 1982).

Sampling

Sampling covered most of the range of Austrocedrus in Chile and
Argentina, between 37°S and 43°S (Fig. 1; Table S2). Samples
were collected from 42 populations, selecting 10 random individ-
uals per population, wherever available (Table S2). Each sample
consisted of 20-cm-long terminal twigs of fresh leaf tissue
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collected from adult trees. Each population was GPS located.
The 42 populations were grouped into four, relatively disjunct
regions, which had already been shown to have distinct allozyme
divergence (Souto et al., 2012): Chile (Ch, populations 1–7)
from the Coastal and Andean Cordillera; northern Argentina
(ArN, populations 8–19, 37–39°S latitude), characterized by dry
climatic conditions and low vegetation cover; central Argentina
(ArC, populations 20–30, 40–41°S), where the gradient of con-
tinuous to fragmented forest is more evident at the eastern mar-
gin; and southern Argentina (ArS, populations 31–42, 41–43°S),
with relatively high precipitation and large forest patches.

DNA extraction and microsatellite genotyping

DNA was extracted using a modified ATMAB protocol
(Doyle, 1990; Dumolin et al., 1995). Having tried 21 cpDNA
primers, all of them invariant along the species range, we used
five polymorphic nuclear microsatellite makers to genotype
Austrocedrus trees, developed specifically for this study. A setup
for PCR conditions was performed for each primer pair
(Methods S1).

SDM

Species distribution modeling was carried out to determine a
suitable bioclimatic envelope for Austrocedrus during the LGM
using the maximum entropy approach implemented in the
MAXENT software package (v3.3.3; Phillips et al., 2006) (Fig.
S1). Comprehensive current species occurrence data were
obtained from the Valdivian Ecoregion forest map that includes
the entire species range, based on a complete aerial photogra-
phy/remote sensing survey (INTA et al., 1999), ensuring mini-
mal bias in the training set. Although the number of training
points is large, we did not subsample the dataset, because the
distribution of the species is relatively uniform across the study
area (in the form of small patches), as opposed to highly
skewed patch size distribution, so nonrandom sampling effort/
effects are unlikely.

We clipped the present-day WorldClim dataset (1950–2000),
at 30-s resolution, comprising 19 bioclimatic summaries of
means and variation in temperature and precipitation
(Hijmans et al., 2005); to the species’ approximate current
distribution. To create LGM climate layers for projecting the

(a) (b)

Fig. 1 Species distribution models (SDMs) results: warmer colors represent areas of higher suitability (in red) under (a) Last Glacial Maximum (LGM) and
(b) current climatic conditions along the Austrocedrus range. Part (a) includes a bathymetric line and ice limit (LGM coastline from Smith & Sandwell,
1997).

New Phytologist (2015) 208: 960–972 � 2015 The Authors

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist962



bioclimatic envelope, we used LGM bioclimatic inputs at 2.5-
min resolution that were drawn from the 21 kyr BP simulations
using the Community Climate System Model (NCAR-CCSM;
Collins et al., 2006) (see Methods S2 for complete MAXENT

settings).

Genetic variation

We tested for linkage equilibrium between each pair of loci based
on 200 permutations in FSTAT v2.9.1 (Goudet, 2000). Also, we
checked for large allele drop out and presence of nonamplifying (null)
alleles with MICRO-CHECKER v2.23 (van Oosterhout et al., 2004).
The extent of microsatellite variation for single populations and
geographic groups was described by standard gene diversity
measures, using GENALEX 6.5 (Peakall & Smouse, 2012). Calcu-
lated parameters were: mean number of alleles per locus (A),
mean effective number of alleles (AE), percentage of polymorphic
loci s.s. (P%); observed (HO) and expected (HE) heterozygosity,
mean number of private alleles per locus (PA) and total number
of private alleles (PT). Shared allele frequency (SAF) was calcu-
lated averaging within-population allele frequencies of the alleles
present in all regions, that is those that are not private. We then
correlated these parameter estimates with latitude, to test for
clines in genetic diversity under the range expansion hypothesis.
Genetic diversity was analyzed at the regional level clustering
populations according to their location in four regions (Tables 1,
S2). Mean and standard error of each genetic diversity parameter
were calculated for each region (Ch, ArN, ArC, ArS), and the dif-
ferences in these parameters between regions were analyzed using
FSTAT v2.9.1 (Goudet, 2000), reporting the one-sided P-values
obtained after 9999 permutations. Differences between regions
were analyzed by performing separate AMOVAs using GENALEX

with a permutational jackknifing procedure, to determine
pairwise significant differences (P < 0.05) among regions (Peakall
& Smouse, 2012).

Genetic inbreeding, divergence and structure

We estimated within-population inbreeding (FIS) and divergence
within and among regions with FST and RST over all samples, fol-
lowing Rousset (1996) and Goodman (1997), as the fraction of

total genetic variance attributable to differences among popula-
tions. The mean and 95% confidence intervals (CI) were calcu-
lated by jackknifing and bootstrapping over polymorphic loci,
respectively, using FSTAT v2.9.1 (Goudet, 2000). To test for
spatial genetic structure (SGS) in refugial and recolonized areas,
we generated a matrix of pairwise FST values along with a matrix
of pairwise geographical distances (km) for Chilean and Argen-
tine populations, respectively, under the expectation of stronger
regional SGS in refugial than in recolonized areas (Slatkin,
1993). This was analysed by Mantel tests for each area (9999 per-
mutations) using GENALEX 6.5 (Peakall & Smouse, 2006, 2012)
and differences in slopes were tested in STATISTICA 7 (StatSoft
Inc., Tulsa, OK, USA).

We tested the genetic clustering of Austrocedrus individuals
using a Bayesian approach implemented in STRUCTURE v2.1
(Pritchard et al., 2000). We conducted independent runs to
assign individual Austrocedrus genotypes to different number of
populations (K) ranging from 1 to 10. We report STRUCTURE
detail methods, parameter settings, graphic results and values as
suggested by Gilbert et al. (2012) (Methods S3). As a validation
approach to the Bayesian clustering, we conducted a PCoA in
GENALEX 6.5, via a covariance matrix with standardized genetic
distances.

Effective population size, migration and coalescence time

In order to estimate population size and migration parameters,
microsatellite data were analyzed using the program MIGRATE-N
v3.5.1 (Beerli, 2002). We inferred the population parameters,
migration rates among regions and associated thetas, using a
Bayesian approach and the Brownian motion mutation model,
based on coalescent theory (Beerli & Palczewski, 2010).
MIGRATE-N was run using the Bayesian mode with a Metropo-
lis-coupled heating scheme, using one cold and three heated
chains; each of four chains was run, after burn-in of 100 000
steps, for a total of 10 million steps per locus, to estimate
parameters (see Methods S4 for complete MIGRATE settings).
MIGRATE-N estimates the mutation-scaled effective population
size h = 4Ne9 l, where Ne is the effective population size, and
l is the mutation rate per generation per locus, as well as muta-
tion-scaled migration rate M =m/l, where m is the immigration

Table 1 Summary of population genetic parameters, over five variable loci, averaged in four regions along Austrocedrus chilensis’s range: Ch (Chile), ArN
(north), ArC (central) and ArS (South) in Argentina (SE in parentheses)

Region n *A *AE HO *HE *P% *PA *PT Bn

Ch 7 7.09a (0.84) 5.52a (0.57) 0.70 (0.04) 0.70a (0.01) 100ab 1.11a (0.25) 5.57a (1.25) 0.156
ArN 12 5.73ab (0.28) 4.16b (0.27) 0.56 (0.03) 0.64ab (0.02) 100b 0.38b (0.13) 1.92b (0.63) 0.062
ArC 11 4.44bc (0.29) 3.58b (0.24) 0.61 (0.03) 0.59b (0.02) 91ª 0.16b (0.05) 0.82b (0.26) 0.156
ArS 12 4.20c (0.22) 3.21b (0.20) 0.59 (0.04) 0.57b (0.02) 92ab 0.13b (0.07) 0.67b (0.36) 0.156
Grand mean (SE) 5.18 (0.25) 3.96 (0.19) 0.60 (0.02) 0.62 (0.01) 95.24 (1.33) 0.38 (0.08) 1.88b (0.39)

n, number of populations in the region; A, mean number of alleles per locus; AE, mean number of effective alleles; HO and HE, observed and expected het-
erozygosity, respectively; P%, percentage of polymorphic loci; PA, mean number of private alleles per locus; PT, mean number of private alleles per popula-
tion; Bn, Bottleneck probability of Wilcoxon one-tailed test for heterozygote excess under two-phase model of mutation. Statistically significant
differences among regions (*, P < 0.05) in AMOVAs using GENALEX with a 9999 permutations jackknifing procedure, (Peakall & Smouse, 2012), letters rep-
resent post hoc groupings after Bonferroni correction.
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rate per generation among populations. We then calculated
Ne = h/49 l. We estimated Ne using l = 10�2 per locus per
generation, as suggested by Udupa & Baum (2001) for nuclear
microsatellites in a long-lived plant. To consider variability due
to mutation rate assumption we also estimated Ne across a range
of l values (see Methods S5). RST-based migration rates (MR)
and coalescence times (s) were estimated following Slatkin
(1995). We calculated the average coalescence time (TR) follow-
ing Slatkin’s equation 19 that assumes a radiation model where
derived populations are currently isolated (no gene flow). The
coalescence time in generations was calculated as s = TR9Ne.
We finally estimated the absolute coalescence time as t = s9
average generation length. We calculated an average generation
length for Austrocedrus of 50 yr from empirical data
(Kitzberger, 1994, see Table S3).

Bottlenecks

Because population sizes differ along the Austrocedrus range, we
used the program BOTTLENECK v1.2.02 (Piry et al., 1999) to test
for recent population bottlenecks. This program compares single
population HE with the predicted value for the observed number
of alleles under the assumption of the mutation-drift equilib-
rium model (Ewens, 1972), generating a distribution through
simulating the coalescent process under the two-phased model
of mutation. We used a mode-shift indicator that allows the
identification of populations that suffered recent bottlenecks
from allele frequency data, and a one-tail Wilcoxon test to iden-
tify heterozygosity excess, which has been suggested as the best
method to analyze < 20 loci (Luikart & Cornuet, 1998).

Results

SDM

The stepwise variable selection algorithm retained a final model
with right contributing variables: BIO17 (precipitation of driest
quarter, 26.4%), BIO4 (temperature seasonality, 25.4%),
BIO13 (precipitation of wettest month, 15.0%), BIO11 (mean
temperature of coldest quarter, 9.0%), BIO5 (maximum tem-
perature of warmest month, 7.1%), BIO18 (precipitation of
warmest quarter, 6.9%), BIO7 (temperature annual range,
5.1%), BIO15 (precipitation seasonality, 5.1%) (Fig. S2).
Inclusion of other variables of the BioClim set increased train-
ing gain by < 1% of its previous value. The area under the
curve of the final model across the five replicates was
0.981 + 0.002. Regularized training gain was 1.642 + 0.006.
The 10th percentile of training sample logistic threshold (suit-
ability threshold that contained 90% of training samples) was
0.550 + 0.011; this value was used as a threshold to divide high
from low suitability areas for Austrocedrus, both for modern
and LGM conditions. When the bioclimatic envelope was pro-
jected onto LGM conditions, clamping was zero throughout
the study region for all five replicates, suggesting that modern
spatial variability is a useful analog of LGM conditions. All of
these results deliver credible suitability maps for Austrocedrus.

SDMs show large changes in climatic suitability for
Austrocedrus between full glacial and modern conditions (Figs 1,
S3). Assuming that the 10th percentile training sample exclu-
sion threshold divides suitable from unsuitable areas,
Austrocedrus could have expanded its potential suitable range
from full glacial to modern conditions by a factor of about five
(Fig. S3). LGM refugia for the species would have been con-
centrated at mid-low latitudes (37–38°S), low altitudes (100–
300 m above sea level, a.s.l.) and the western lower slopes of
the Andes and Coastal Nahuelbuta range of Chile (Fig. S3).
Only a small pocket (< 2%) of suitable range during LGM was
located at c. 42° and within 50 km east of the Andean divide,
at elevations below 400 m a.s.l. According to reconstructions of
ice extent, these southern Argentine locations were covered by
the ice sheet, so it is unlikely that they harbored refugial popu-
lations of Austrocedrus at LGM (Figs 1, S3). Furthermore, areas
> 50 km east of the Andean divide, suggested by Pastorino &
Gallo (2002) to have served as dry relict ice-free refugia, were
strongly unsuitable for the species (Fig. S3). By contrast, mod-
ern suitable areas for the species are mostly distributed over an
elongated region centered at c. 42°S and a less extensive region
in the Chilean Andes, from 37 to 38°S. Interestingly the eleva-
tional range of currently suitable areas varies between c. 500
and 1300 m a.s.l. Suitable areas of the species have clearly
shifted from more westerly lowland and low foothill locations
in Chile to higher elevation eastern slopes, centered c. 25–
60 km east of the continental divide in the dry ecotonal foot-
hills, neighboring the Patagonian steppe (Fig. S3).

Genetic variation

No evidence for genotypic disequilibrium was found at any pair
of loci (all P > 0.05), and neither was there a large allele dropout
or detectable presence of nonamplifying alleles (null alleles). All
five microsatellite loci were polymorphic and 79 out of 178
alleles were private (PA), that is, present in a single population
(Table S2).

Consistent with the hypothesis that genetic diversity decreases
with increasing distance from the origin of expansion, within-
population genetic diversity parameters decreased across the An-
des (W ? E↓) and then southwards (N ? S↓). All five genetic
diversity metrics were negatively and significantly (P < 0.0001)
correlated with increasing latitude: (r =�0.75 for A), (r =�0.71
for AE), (r =�0.61 for HE), (r =�40 for P%) and (r =�0.68 for
PA) (Fig. 2). The Chilean regional cluster of populations attained
significantly higher values of A, AE, HE, P%, PA and PT than the
other population clusters (Table 1; Fig. 2).

Approximately half (39 of 79) of the private alleles appear in
Chilean populations, where all populations have PA ≥ 2; the Chil-
ean Andean populations showed the largest number of private
alleles (PA = 26). The number of private alleles, averaging seven,
in Chilean Andean populations, decrease sharply eastward across
the Andes, and south along the Cordillera, becoming one in ArS
populations (Table S2). In keeping with the range expansion
hypothesis, a cline in the mean frequency of shared alleles was
observed along the range of Austrocedrus (Fig. 2).
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Genetic inbreeding, divergence and structure

Average inbreeding within each of the 42 populations was high
and positive (FIS > 0.175), but only Argentinean northern popu-
lations had > 58% of all possible tests departing significantly from
zero (Table S2). Chilean populations displayed the lowest degree
of inbreeding (FIS < 0.099). Out of a total of 200 possible tests,
19 were significant for departure from Hardy–Weinberg equilib-
rium (15 of 35 Argentine populations, and four of seven Chilean
populations). Mean among-population divergence within regions
by pairwise FST values ranged from 0 for pairs from ArN popula-
tions to 0.017 for pairs within the Ch group of populations.
Overall genetic divergence, weighted over loci, among regions
was significant but moderate RST = 0.177 (Tables 2, S4). A signif-
icant relationship between genetic and geographical distances was
found in the Chilean region (Mantel test r = 0.38; P = 0.04, see
later Fig. 4a), whereas a nonsignificant relationship was found in
Argentine populations (Mantel test r = 0.01, P = 0.41, see later
Fig. 4b). The relationship between genetic and geographic dis-
tances of the two areas differed significantly (F1,619 = 18.5,
P < 0.000, homogenetiy of slopes test).

STRUCTURE analysis indicated that the overall genetic profile
for Austrocedrus trees could be described with four genetic

clusters, as reflected by both the highest likelihood value and
a peak of ΔK detected at K = 4, that is, lnP(4) =�5900.83,
ΔK(4) = 10.10 (Fig. S4; Table S5). These four genetic clusters
are coincident with the main four natural geographic regions
along the species’ range (Ch, ARN, ARC, ARS; Fig. 3). Bayes-
ian assignment based on genetic similarities of individual trees
to each of these four ancestral groups shows that 46% of trees
from Ch belong to cluster 1, 64% of trees from ArN belong
to cluster 2, 43% and 48% of trees from ArC belong to
either cluster 3 or 4, and 58% of trees from ArS belong to
cluster 4 (Fig. 3; Table S6). Most individuals were generally
assigned with high probabilities to a single cluster, except for
individuals from region ArC that could be equally assigned to
either ArC or ArS, suggesting signals of admixture with indi-
viduals from ArS (Fig. 3). PCoA indicated four groups of
populations, with the first three axes accounting for 80.94%
of the genetic variation among 42 sampled populations
(Fig. S5).

Effective population size, coalescence times and migration

Effective population sizes, derived from coalescent analysis, differ
among regions (155 <Ne < 265), being greater in Chile

Fig. 2 Correlations between expected heterozygosity (HE), mean number of effective alleles (AE), mean frequency of shared alleles (SAF), and mean
number of private alleles per locus (PA) and latitude in 42 sampled populations of Austrocedrus chilensis along its range. Black triangles and circles indicate
Chilean and Argentine populations, respectively.
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(Table 2). As in genetic diversity results, Ne decreased sharply
from Chilean populations, eastward across the Andes and south-
ward towards central and southern Argentine populations

(Fig. 4). Average coalescence times (s) between each region and
all remaining regions varied between 12 and 702 generations,
being earlier for the Ch–ArS regions (Table 2). Coalescence time

Table 2 Mean effective population size scaled mutation rate (Θ) along with credibility intervals (CI 2.5–97.5%) and mean effective population size (Ne) in
four regions along Austrocedrus chilensis’s range (Ch, ArN, ArC, ArS); these regions are also compared by pairwise genetic divergence (RST), coalescence
time in generations (s) and coalescence time in years (t)

Region Θ Ne

RST s (generations) t (yr)

ArN ArC ArS ArN ArC ArS ArN ArC ArS

Ch 10.589 (6.333–15.667) 264.725 0.153* 0.400* 0.442* 178.5 560.2 702.4 8925 28 008 35 120
ArN 9.179 (5.400–14.667) 229.475 – 0.174* 0.196* – 161.8 199.4 – 8089 9971
ArC 6.197 (3.200–9.133) 154.925 – 0.018* – 11.9 – 594
ArS 7.131 (3.600–10.800) 178.275 – – –

Effective population size (Ne) was calculated based on Beerli & Felsenstein (2001), assuming a value of l = 10�2, as suggested by Udupa & Baum (2001).
See Supporting Information Methods S5 for alternative l values. Average coalescence times (TR) were calculated based on Slatkin (1995), and the average
generation time of Austrocedruswas calculated as 50 yr from Kitzberger (1994), see Table S3: s = TR9Ne, with TR = 4RST/(1� RST), and t = s9 50 yr.
*Significantly different from 0.

Fig. 3 Sampled sites of Austrocedrus and
admixture genetic assignment of individuals
based on STRUCTURE Bayesian clustering
method. Pie charts represent the average
coefficients of ancestry obtained at K = 4. In
the right inset, STRUCTURE results as proportion
of trees assigned to each cluster considering
K = 4 in 42 populations. Colors represent
different genotypic clusters: magenta, cluster
1; yellow, cluster 2; grey, cluster 3; turquoise,
cluster 4.
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in years (t) between Chile and Argentina is estimated as c. 14 kyr
(Fig. 5).

Pairwise migration rates for ArN ? ArC, ArN ? ArS, ArS ?
ArC and Ch ? ArN had higher support than the other pairs of
regions (Table 3). Pairwise absolute coalescence times (t) reached
their highest values of 35 kyr between Ch and ArS and 28 kyr
between Ch and ArC (Table 2; Fig. 5). Within Argentina, the
oldest relationship node is between regions ArN and ArS (10 kyr),
with Bayesian support only in the N ? S direction. A shorter
coalescence time (8 kyr) was estimated for ArN ? ArC. Regions
ArC and ArS have internal nodes as recent as c. 0.6 kyr, but with
support in both directions. To assess whether the results are
robust, we explored the influence of increasing mutation rate on
estimated effective population size (Ne) and, consequently, on
coalescence time (Methods S5). Evidently the Ch region always
reached higher effective population size and that decreased
sharply, eastward across the Andes and southward towards central
and southern Argentina, supporting our results.

Bottlenecks

The analysis performed to infer bottlenecks under the two phase
model indicated that in most Austrocedrus regions the observed
gene diversity is not significantly higher than the expected equi-
librium gene diversity (Wilcoxon tests, P > 0.05; BnWt P-values
in Table 1). Only ArN populations showed marginally significant
tests, suggesting recent bottlenecks in this region only.

Discussion

Several scenarios have been postulated for how plant species
respond to changing climate, and the evidence for such

alternative responses can suggest different assessment of any spe-
cies’ potential to survive past, impending or even future climate
changes (Pearson et al., 2006). Paleoecological evidence suggests

(a) (b)

(c)

Fig. 4 Scatterplots of the genetic (FST) and
geographical distances (km) within: (a)
proposed Chilean refugia and (b) Argentine
recolonized areas. Asterisks indicate
significantly different from zero FST values.
(c) Estimates of effective population size (Ne)
based on mean individual locus values of
Bayesian inferences in four Austrocedrus
regions. The boundary of the box closest to
zero indicates the 25th percentile, a line
within the box marks the mean posterior
values over individual loci, and the boundary
of the box farthest from zero indicates the
75th percentile. Whiskers (error bars) above
and below the box indicate the 90th and 10th

percentiles.

Fig. 5 Schematic representation of Austrocedrusmigration estimated from
MIGRATE. Arrows represent mean migration rates (M) among four regions
along the Austrocedrus range. Absolute coalescence times (t) in brackets
are given in thousand years (kyr) before present. Arrow thickness is
proportional toM size. Balloon sizes are proportional to mean effective
population sizes (Ne). Vertical line represents the Andes.
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that there are fast-tracking species (Petit et al., 2008) and slow-
tracking species (Birks, 1981; Svenning & Skov, 2004, 2007;
McLachlan et al., 2005).

In South American temperate forests, a suite of genetic studies
suggest that relatively microthermic forest dominant genera (Not-
hofagus, Fitzroya, Pilgerodendron, Podocarpus, Embothrium) have
been able to survive glacial periods locally (S�ersic et al., 2011) in
multiple ice-free refugia, rapidly recolonizing nearby areas (sensu
Premoli, 1998). In addition, two groups of mesothermic tree spe-
cies can be found: species of the Valdivian rainforest (genera
Eucryphia, Caldcluvia, Aextoxicon), as well as drought-tolerant
species occurring under some degree of water stress (Austrocedrus,
Araucaria), the former typically outcompeted in high water avail-
ability conditions by Nothofagus species. Recent genetic surveys
suggest that the Valdivian genera survived in northern refugial
areas in the unglaciated Coastal Range of Chile (40°S for
Eucryphia, and 32–39°S for Aextoxicon), expanding southward
and eastwards into previously glaciated Andean areas in the early
Holocene (N�u~nez-�Avila & Armesto, 2006; Segovia et al., 2012).
Despite warmer postglacial conditions, pollen records at 41–42°S
show an absence of Eucryphia/Caldcluvia from c. 10 to 9 kyr BP,
followed by a sudden increase (Moreno & Le�on, 2003; Moreno,
2004), which lags behind the onset of Holocene warming and the
appearance of cold-tolerant taxa by several millennia. The only
genetic study on the mesothermic Araucaria comparing popula-
tions from Chile and Argentina showed that the most northerly
populations on both slopes of the Andes were different from the
most southerly Argentinean population and other southern-most
Chilean populations (Bekessy et al., 2002).

Our species distribution model shows that at the Last Glacial
Maximum (LGM), Austrocedrus may have found suitable condi-
tions along narrow elevation (120–240 m a.s.l.) and latitudinal
belts of the west-facing foothills of the Chilean Coastal Range
and the Andean Cordillera, within the Bio Bio Region in Chile
(36–38°S; Figs 1a, S3). These areas show the highest levels of
current genetic diversity within populations. They also provide
evidence for a significant spatial genetic structure (SGS), with

divergence among refugial populations suggesting long periods
of isolation in areas located at the rear edge of the species’
distribution, similar to the pattern suggested by Slatkin (1993).
In accordance with range expansion theory (Slatkin, 1993),
unique alleles and allelic diversity are highest in Chilean popula-
tions, decreasing sharply across the Andes into Argentina and
steadily southwards. This creates an expected cline in the direc-
tion of the expansion front, because each founder event results
in additional losses to genetic drift, yielding progressive losses of
variation as species move from their initial source (refugial)
populations.

A long-distance pattern is enforced by gradual genetic
impoverishment with increasing latitude, suggesting successive
founder events (Hewitt, 2000) resulting in impoverished
genetic pools and a reduced SGS in the colonized area. Lack
of identity-by-descent relationships in Argentine populations
suggests that insufficient time has elapsed since range expansion
to redevelop an internal SGS. Our results fit the pattern pre-
dicted by a model of progressive poleward erosion of genetic
diversity (Hewitt, 2000). The SDM also suggests that the
current range of Austrocedrus, across the Andes in Argentina,
was largely unsuitable at the LGM (Fig. 1a). Following climate
change conditions during the early Holocene, Austrocedrus may
have been able to reach the elevations necessary to cross low
Andean passes (Fig. S3). The southern advancement probably
occurred in a wave-like fashion along the east Andean rain-
shadow corridor between the mesic Nothofagus forests, which
in turn rapidly expanded during the late glacial/early Holocene
from local refugia (Premoli et al., 2010) and the Patagonian
steppe. Furthermore, migration models support an eastward
trans-Andean/southward migration. Pairwise migration rates for
ArN ? ArC, ArN ? ArS, ArS ?ArC and Ch ? ArN had
higher support than between other possible pairs of regions
and directions.

Because coalescence times describe the time it takes copies of
a locus to find a common ancestor in the past, and therefore is
nested within the history of the populations containing the sam-
pled individuals and their ancestors, coalescence time is not the
same as population splitting time. Coalescence times are often
earlier than population splitting times, but the estimation of
divergence time when gene flow occurs between the descendant
populations after divergence can cause coalescence to occur
more recently than divergence (Rosenberg & Feldman, 2002).
In any case, for sufficiently large divergence times compared
with populations sizes, if migration between populations is
small, coalescence times are useful approximations for diver-
gence times, and are typically somewhat correlated (Rosenberg
& Feldman, 2002). This is probably the case for Austrocedrus’s
postglacial migration history as reflected in progressive recolon-
ization parameters (Tables 2, 3). We calculated the average
coalescence time (TR) following eqn 19 of Slatkin (1995) that
assumes a radiation model where derived populations are
currently isolated (no gene flow). This model is particularly
accurate for the Chilean–Argentine populations. In a previous
manuscript (Souto et al., 2012) we showed that the three
regions within Argentina diverged during the Holocene, so we

Table 3 Pairwise MIGRATE parameters of migration (immigration rate scaled
mutation rate, meanMi-j) and credibility intervals (CI 2.5–97.5%), along
with acceptance ratios from Bayesian analysis between region pairs
through the Austrocedrus range

Pair of regions Mi-j (CI 2.5–97.5%) Acceptance ratio

ArN–ArS 3.786 (0.0800–6.200) 0.11
ArN–ArC 3.777 (0.600–5.600) 0.12
ArS–Ch 3.178 (1.133–5.133) 0.11
ArC–Ch 3.080 (0.000–5.333) 0.11
ArS–ArC 2.749 (0.533–4.800) 0.11
Ch–ArN 2.477 (0.000–4.200) 0.10
ArS–ArN 2.375 (0.467–4.200) 0.08

Ch–ArC 2.351 (0.267–4.267) 0.11
Ch–ArS 2.222 (0.133–4.200) 0.10
ArC–ArN 1.946 (0.133–3.733) 0.08

ArC–ArS 1.764 (0.000–3.533) 0.10
ArN–Ch 1.457 (0.000–2.333) 0.13

Italics indicate low values of acceptance ratio.
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are testing the Slatkin (1995) demographic model composed of
two lineages (Chilean and Argentine populations) descending
from a single common ancestor. This model is a simplification
of our system and is especially accurate for the Chilean–Argen-
tine regions pair, in which divergence values (RST) are almost
twice those within Argentine populations. Moreover, the cur-
rent west-dominant winds prevent the Argentine–Chilean gene
flow via pollen. Also primary seed dispersal is highly limited
(Kitzberger, 1994) –at most 100 m from the mother tree.

Coalescence time estimates between Chilean and Argentine
Austrocedrus populations are debatable, particularly the mutation
rate of nuclear microsatellite, because very few data are available
in the literature regarding nuclear microsatellite mutation rates
for plant species. Also, as shown in Fig. S3, environmental varia-
tion along the migration path might have affected among-popu-
lation divergence times. Even considering variability in point
estimates of divergence time calculated from the posterior distri-
bution of Theta from MIGRATE or alternative mutation rates
(Methods S5), it is clear that western Chilean populations
showed higher effective population size values than Argentinean
ones reflected in earlier divergence. This in combination with
their higher genetic diversity strongly suggests that Chilean popu-
lations are the source of Argentine ones.

Moreover, our estimated dates of Austrocedrus trans-An-
dean migration between Chilean and northern Argentinean
populations are consistent in magnitude and timing (17–
7 kyr) with late glacial climatic changes across southern
South America. These include distributions reconstructed
from terrestrial taxa-independent proxies such as LGM ice
sheet modeling (Hulton et al., 2002) or ocean core sea
surface temperature reconstruction (Kaiser et al., 2005).
Austrocedrus would have migrated to the eastern flanks of the
Andes during the early Holocene, a timeframe supported by
the presence of Cupressaceae pollen on the eastern slopes of
the Andes 37–39°S by 11–10 kyr BP (Table S1). It is likely
that gene flow between Chilean and northern Argentinean
populations was relatively high during the early Holocene, as
reflected by the absence of significant differences in several
genetic parameters. A similar pattern was described for
northern populations of the mesothermic Araucaria (Bekessy
et al., 2002). Larger genetic similarity between southern and
central populations than between them and northern Argen-
tine populations, however, suggests that migration south of
41°S may have occurred as a single event. This is consistent
with low pollen percentages in early to mid-Holocene
records of Cupressaceae followed by an abrupt increase
between 6.4 and 5 kyr BP in numerous records between
40°57ʹS and 41°30ʹS (Table S1). We propose that this
sudden increase in Cupressaceae pollen during the mid–late
Holocene is related to the arrival and expansion of
Austrocedrus into a region where it had been absent. This
same pattern, but lagging by c. 2–3 kyr, is evident in pollen
records located further south at c. 42°S, where sharp
increases in Cupressaceae pollen occurred between 3.3 and
3.0 kyr BP, preceded by a near absence of such pollen at that
latitude (Table S1).

A recently published (Iglesias et al., 2012) record consisting of
Cupressaceae pollen (10 kyr) from 42°20ʹS, apparently contra-
dicts our Holocene migration hypothesis for Austrocedrus (Table
S1). These authors interpreted the pollen record as presence of
Austrocedrus, based on genetic evidence that suggests LGM sur-
vival within easterly refugia, located far out on rocky outcrops of
the Argentine steppe (Pastorino & Gallo, 2002). This analysis
and interpretation based on slightly higher levels of genetic varia-
tion within drier eastern (steppeward) populations compared
with wetter Andean populations did not include Chilean sam-
ples, and therefore alternative hypotheses of refugial areas in
Chile could not be tested.

Neither our species’ distribution model nor our molecular
data support the hypothesis of several small refugia located
towards the steppe that may have served as sources of local
expansion for extant Andean populations. First, retrodicted
suitability for LGM suggests very harsh (cold) conditions for
Austrocedrus survival in this area. Second, our geographic pat-
terns of genetic impoverishment are progressively N ? S not
progressively E ? W. Third, attempts to test hypotheses of
E ? W postglacial migration using MIGRATE Bayesian models
resulted in lower effective population sizes for eastern
(ΘE = 0.03) than for western (ΘW = 11.57) populations in
Argentina along the 38–43°S belt, which further supports W
? E expansion. Pairwise migration rates among populations
had high Bayesian support, but were one order of magnitude
larger from W to E (MW?E = 13.05) than in the reverse direc-
tion (ME?W = 1.91). More important, average coalescence
times between eastern and western population groups within
Argentina were a few generations long only, in stark contrast
with millennial-scale coalescence times between Chilean and
Argentinean groups.

Conclusion

The combined use of species distribution modeling, molecular
and palynological evidence, as illustrated here, strongly suggests
that cold-tolerant (microtherm) and cold-sensitive (mesotherm)
taxa may have had different Holocene recolonization histories. In
particular, Southern Hemisphere mesotherms have successfully
coped with dramatic climatic change over extended time and
space by occupying more northerly (climatically milder) refugia.
This is the first comprehensive analysis of a drought-tolerant mes-
otherm tree species, showing alternative responses to past climatic
changes, which highlight the importance of considering geneco-
logical tolerance to predict responses to future climate changes in
keeping with species’ differing constraints.
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