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Aires, Argentina, “Department of Biology and Aim An integrative study of the endemic, yet ubiquitous, Patagonian shrub

Bean Life Science Museurn, 401 WIDB, Mulinum spinosum (Apiaceae) was performed: (1) to assess the historical

Brigham Young University, Provo, UT 84602, ~ PTOCesses that influenced its geographical pattern of genetic variation; (2) to test

USA hypotheses of its survival in situ or in glacial refugia during glacial cycles; and (3)
to model its extant and palacoclimatic distributions to assess support for the
phylogeographical patterns recovered.

Location Chilean and Argentinian Andean region and Patagonian steppe.

Methods Chloroplast DNA sequences, trnH—psbA, trnS—trnG and 3'trnV-ndhC,
were obtained for 314 individuals of M. spinosum from 71 populations. The
haplotype data matrix was analysed using nested clade analysis (NCA) to
construct a network. Analysis of molecular variance (AMOVA), spatial analysis of
molecular variance (SAMOVA) and neutrality tests were also used to test for
genetic structure and range expansion in the species. The present potential
geographical distribution of M. spinosum was modelled and projected onto a Last
Glacial Maximum (LGM) model.

Results Amongst the 29 haplotypes observed, one was widely distributed, but
most were restricted to either northern or southern regions. The populations with
highest haplotype diversity were found in southern Patagonia, the high Andean
region, and northern Patagonia. AMOVA and SAMOVA showed latitudinal
structure for Argentinian populations. NCA implied patterns of restricted gene
flow or dispersal but with some long-distance dispersal and also long-distance
colonization and/or past fragmentation. Neutrality tests did not support range
expansions. The current distribution model was a fairly good representation of
the extant geographical distribution of the species, and the distribution model for
the LGM did not show important shifts of the extant range to lower latitudes,
except for a shift towards the palaecoseashore.

Main conclusions Based on agreement amongst phylogeographical patterns,
distribution of genetic variability, equivocal evidence of putative refugia and
palaeodistribution modelling, it is probable that glaciations did not greatly affect
the distribution of Mulinum spinosum. Our results are consistent with the in situ
survival hypothesis, and not with the latitudinal migration of plant communities
to avoid adverse climate conditions during Pleistocene glaciations. It is possible
that populations of northern Patagonia may have been isolated from the southern
ones by the Chubut and Deseado basins.
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INTRODUCTION

The present Patagonian biota has been shaped by two major
geological and climatic events: the Andean orogeny during the
middle-late Miocene (15-10 Ma), and the Pleistocene glacia-
tions. The Andean orogeny introduced an important rain
shadow to the east, producing a cool, dry climate across the
Patagonian steppe, together with the contraction of southern
South American forests and the expansion of xerophytic-
adapted taxa (Barreda & Palazzesi, 2007). Although Patagonian
glaciations initiated in the late Miocene, it was during the early
Pleistocene when the Patagonian ice sheet reached its full
development (Rabassa, 2008). The most important glacial
advances in southern South America were the Greatest
Patagonian Glaciation (GPG; 1-1.2 Ma) and the Last Glacial
Maximum (LGM; 21 ka). The GPG resulted in the maximum
expansion of ice sheets in the Patagonian steppe, compared
with the LGM and other Pleistocene glaciations (Rabassa,
2008). However, substantial areas remained free of ice during
the glacial episodes and climatic conditions were less severe
than those in North America (Markgraf et al., 1995; Rabassa,
2008).

Fluctuating Pleistocene climates and their associated glacial
cycles caused great changes in species distributions (Hewitt,
2004). In Patagonia, changes in sea level produced by
glaciations partially exposed the Argentinian submarine plat-
form to the east, substantially increasing the space for animal
and plant colonization (Rabassa, 2008). Vegetation changes
occurred rapidly during these events in South America
(Markgraf et al., 1995), with large latitudinal displacements
of the major ecosystems during glaciations (Rabassa &
Coronato, 2009). Increased aridization of the surrounding
areas, with rising extreme temperatures, decreased precipita-
tion and lack of the moderating effect of the sea as the coastline
moved eastwards (Rabassa & Coronato, 2009) influenced
vegetation at higher latitudes in the Southern Hemisphere even
though glaciers did not encroach into these areas (Jakob et al.,
2009). Despite this climatic and orogenetic knowledge of the
recent past, Patagonia is amongst the least phylogeographically
studied areas of southern South America (Sérsic et al., 2011).

Patagonia is currently partitioned into two main ecoregions.
The Andean—Patagonian forest ecoregion is mountainous,
cold, humid and bordered on the east by the Patagonian steppe
ecoregion. The Patagonian steppe extends eastward to the
Atlantic Ocean and is mostly low-lying, cold, dry and
characterized by scattered herbs and shrubs (Cabrera &
Willink, 1973; Ledn et al., 1998). On the eastern side of the
Andes (Argentina), Patagonia extends from Neuquén and Rio
Negro provinces (delimited to the north by the Neuquén and
Colorado rivers, ¢. 36-37° S) to Cape Horn (56° S). On the
western side of the Andes, Chilean Patagonia extends from
43° S (Palena province) to the XI (Aysén) and XII (Magall-
anes) administrative regions (Coronato ef al., 2008). While
Patagonian phylogeographical studies have increased in recent
years, such publications have focused mainly on the Andean
region (e.g. Premoli et al, 2000; Pastorino & Gallo, 2002;
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Cussac et al., 2004; Muellner et al., 2005; Marchelli & Gallo,
2006; Ruzzante et al., 2006; Himes et al., 2008; Tremetsberger
et al., 2009; Xu et al., 2009; Acosta & Premoli, 2010; Mathiasen
& Premoli, 2010), with only a few studies addressing patterns
in the vast area of the Patagonian steppe (Kim et al.,1998;
Morando et al., 2004, 2007; Avila et al., 2006; Jakob et al.,
2009; Cosacov et al., 2010; Lessa et al., 2010). As part of a
large, inclusive phylogeographical investigation of both the
Andean forests and the steppe ecoregions of Patagonia, we
selected an endemic shrub of the Patagonian steppe and
Andean Patagonian region of Argentina and Chile: Mulinum
spinosum (Cav.) Persoon (Apiaceae). Mulinum spinosum is the
most widespread Mulinum species and one of the typical
components of the Patagonian flora, being both abundant and
easy to recognize in the field. It is distributed in Chile from
Coquimbo (region III, ¢. 31° S) to Magallanes (region XII,
¢. 51° S), and in Argentina from San Juan Province (31° S) to
southern Santa Cruz Province (52° S), mainly in the steppe but
also in the ecotone with Andean zones.

Commonly known as ‘neneo’, M. spinosum, is a hemispheric
cushion shrub up to 1 m high with spiny trisect leaves.
Although Arroyo & Uslar (1993) considered M. spinosum to be
a dioecious species, Constance (1988) described the species
with all perfect flowers or with the external ones staminate,
which could be related to functional dioecy being variable
amongst individuals. Our field observations during sample
collections showed that all plants have fruits. Constance et al.
(1971) reported chromosome numbers in M. spinosum of
2n = 16, 32 and possibly 48. Polyploidy is common within the
genus, and some preliminary data from nuclear genes suggest
the chromosome series in M. spinosum is autopolyploid rather
than allopolyploid in origin. Although only a few populations
of M. spinosum were studied, there is no obvious association
between geographical distribution and ploidy level (Constance
et al., 1971), and we have observed no evidence of correlations
with breeding system or haplotype diversity.

Mulinum spinosum is frequently a dominant species and
replaces palatable grasses in regions with intense grazing; it also
invades disturbed areas in nearby temperate forests. This plant
resprouts vigorously after fires and recovers its original aerial
biomass in a short time (Damascos et al., 2008). Palaeobo-
tanical data are scanty for the family Apiaceae in Patagonia and
are restricted to records from the early to middle Miocene of
southern Patagonia and late Miocene of eastern Patagonia
(Zamaloa, 1999; Barreda et al., 2007). There were plentiful
Mulinum steppes after 10,000 yr Bp (Barreda et al., 2007) and
pollen grains reached maximum abundance during 570-60 cal.
yr BP in south-west Patagonia (Moreno et al., 2009).

In the absence of palaeoecological data for the genus
(especially pollen records) previous to those cited above, the
use of distribution modelling (Phillips et al., 2004) provides
the basis for investigating the extent to which palaeoclimatic
conditions influenced the distribution of this species. The
projection of a species distribution during past climates can aid
in the interpretation of current patterns of distribution and
genetic diversity (Hijmans & Graham, 2006).
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Here we report the phylogeographical patterns of
M. spinosum in Patagonia using DNA sequences of three
chloroplast regions to examine the relative importance of
historical factors in the configuration of genetic variation at a
geographical scale. Additionally, to assess support for the
phylogeographical patterns proposed in the study, we also
modelled extant and palaeoclimatic distributions. This inte-
grative approach will contribute to a better understanding of
the spatial and temporal processes that occurred in the past in
the Patagonian steppe.

MATERIALS AND METHODS

Sampling

A total of 314 individuals of M. spinosum from 71 populations
were sampled, covering most of the species’ distribution range
(Table 1, Fig. 1). Sampled individuals were separated by at
least 10 m along a linear transect to minimize the potential of
sibling relationships among samples and better represent local
diversity.

DNA isolation, amplification and sequencing

Genomic DNA was isolated from silica dried leaf tissue
following a modified cetyl trimethyl ammonium bromide
(CTAB) protocol (Cullings, 1992). The chloroplast regions
trnH—psbA (primers #rnHCSYC and psbA; Shaw et al., 2005),
trnS—trnG (primers trnSSCY and trnGYYC; Hamilton, 1999)
and 3’trnV-ndhC (primers trnVYAC and ndhC; Shaw et al.,
2007) were chosen because they showed the highest sequence
variability amongst several surveyed regions.

DNA was amplified and sequenced with a profile consisting
of 94 °C for 3 min followed by 30 cycles of 94 °C for 1 min,
52 °C for 1 min and 72 °C for 1 min. Amplification products
were purified using PCRys clean up plates (Millipore Corp,
Billerica, MA, USA), BigDye v.3 (Applied Biosystems, Foster
City, CA, USA) and purified with Sephadex (GE Healthcare,
Piscataway, NJ, USA) before electrophoreses on an AB 3730xI
automated sequencer housed in Brigham Young University’s
DNA Sequencing Centre. Electropherograms were edited and
assembled using SEQUENCHER 4.6 (Gene Codes, Ann Arbor,
MI, USA). Sequences were aligned with the alignment program
CrustarX 1.81 (Thompson et al., 1997) with subsequent
manual adjustments using BroEpit 5.0.9 (Hall, 1999). Indels
were coded as binary characters using simple indel coding
(Simmons & Ochoterena, 2000) as implemented in SEQSTATE
1.4 (Miller, 2005). The three chloroplast regions were
concatenated into a single matrix with no further consider-
ations given their shared ancestry, maternal inheritance and
extremely rare instances of recombination within the
chloroplast genome. Unique sequences from this combined
matrix were identified as haplotypes. All sequences were
deposited in GenBank (trnH-—psbA JN888643-JN888956;
trnS—trnG JN888016-JN888328; and 3'trnV—ndhC JN888329—
JN888642).
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Haplotype network and geographical distribution

Nested clade analysis (NCA) was performed following the
approach of Templeton ef al. (1995) and Templeton (2004)
in the program ANECA 1.2 (Panchal, 2007). Although
NCA has been criticized (Petit, 2007; Beaumont & Panchal,
2008; Knowles, 2008), it has been validated extensively
(Templeton, 2008, 2009) and is used in conjunction
with other population genetic parameters to draw inferences
here.

A haplotype statistical parsimony network was constructed
using Tcs 1.21 (Clement et al., 2000). Ambiguous connections
(loops) were resolved using predictions from coalescent theory
and information about the sampling, according to three
criteria: frequency, network location and geography (Crandall
& Templeton, 1993).

The resolved haplotype network was converted into a
hierarchical nested design following Templeton et al. (1987)
and Templeton & Sing (1993). Clade (D.) and nested clades
(D,) distances were estimated to assess association between the
nested cladogram and geographical distances amongst sampled
localities (Templeton et al., 1995) using the program GEeobpis
2.6 (Posada et al.,, 2000). Null distributions (i.e. under a
hypothesis of no geographical association of clades and nested
clades) for permutational contingency table test comparisons
were generated from 10,000 Monte Carlo replications, with a
95% confidence level. For significant associations, the infer-
ence key of Templeton et al. (2005) was used to recognize
probable demographic processes and/or historical events of the
clades.

Population genetic analyses

Haplotype diversity (h; Nei, 1987), nucleotide diversity (m;
mean number of pairwise differences per site; Nei, 1987) and
mean number of pairwise differences (p; Tajima, 1983) were
calculated for the species as a whole, for each sampling
location, and for every significant haploclade derived from
NCA, using the programs ARLEQUIN 3.1 and DNASP 5
(Excoffier et al., 2005; Librado & Rozas, 2009).

To investigate hierarchical levels of population structure,
four analyses of molecular variance (AMOVA) were performed
that consider genetic distances between haplotypes and their
frequencies using ARLEQUIN (Weir & Cockerham, 1984;
Excoffier et al., 2005). First, sampling localities were defined
as Chilean and Argentinian, to test the effect of the Andes. The
second analysis was applied to Chilean sampling localities: HA-
CH, high Andean Chile (c. 33° S); NCH, northern Chile (36—
40°S) and SCH, southern Chile (44-47° S). In the third
analysis, Argentinian populations were grouped according to
different latitudinal regions, defined by major rivers: (1) HA-
ARG, high Andean Argentina and NP, northern Patagonia
(north of Chubut River, c. 35-43° S); (2) CP, central Pata-
gonia (between Chubut and Deseado rivers, 44-46° S); and (3)
SP, southern Patagonia (south of the Deseado River, 47—
51° S). The aim of the fourth analysis was to test if the genetic
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Figure 1 The inset depicts a geographical map of South America
with the study area indicated in a box. The main map shows the
locations of the 71 sampled populations of Mulinum spinosum.
Locality numbers correspond to those in Table 1.

variation was significant amongst glaciated and non-glaciated
sites during GPG in populations south of Deseado River in
Santa Cruz province, corresponding to group 3 of the previous
analysis. This region was selected given that eight of the nine
populations within the ice zone were located in southern
Patagonia.

To further explore the genetic structure of populations,
without the prior assumption of group composition, we
performed a spatial analysis of molecular variance (SAM-
OVA) using samova 1.0 (Dupanloup et al, 2002). The
program was run for 10,000 iterations for K = 2 to 15 from
each of 200 initial conditions. Following the criteria
employed by Ikeda ef al. (2008), the number of groups (K)
was inferred from the configuration with the highest value of
differentiation amongst groups (Fcr) that did not contain
any single population group.

Estimation of molecular diversity indices and AMOVA and
SAMOVA tests were performed considering only populations
with five or more sampled individuals.
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Demographic history analyses

To analyse the demographic history of populations in each
geographical area, Tajima’s D (Tajima, 1989), Fu’s Fs (Fu,
1997) and Ramos-Onsins and Rozas’ R, (Ramos-Onsins &
Rozas, 2002) statistics of neutrality were calculated to test
for evidence of range expansions. Significant negative values
of D and Fs and small positive values of R, indicate an
excess of low-frequency mutations, relative to expectations
under the standard neutral model (i.e. strict selective
neutrality of variants, constant population size and lack of
subdivision and gene flow). Both Fg and R, are the most
powerful tests used to detect population growth (Ramos-
Onsins & Rozas, 2002). Significance was evaluated by
comparing the observed value with a null distribution
generated by 10,000 replicates, using the empirical popula-
tion sample size and observed number of segregating sites
implemented by DNASP 5.

Species distribution modelling

To validate the phylogeographical analyses, we modelled the
present potential geographical distribution of M. spinosum and
projected it onto a LGM model c. 21 ka using point locality
information and environmental data in p1va-cis 7.3 (Hijmans
et al., 2001) and MaXeNT 3.3.3, with the maximum entropy
machine-learning algorithm (Phillips et al., 2004).

We recorded latitudinal and longitudinal coordinates from
134 localities covering the entire distribution range of the
species using a hand-held geographical positioning system
(GPS) wunit. Only 12 point localities of the total were
georeferenced using Google Earth (http://www.google.com/
earth/index.html). Environmental data with a resolution of 2.5
arcmin (5 km) for current and past conditions were down-
loaded from the WorldClim database 1.4 (Hijmans et al,
2005) and were represented by 19 bioclimatic variables derived
from the monthly temperature and rainfall values.

Current conditions are interpolations of observed data from
climate stations around the world, representing a 50-year
period from 1950 to 2000. Past conditions for the LGM are
calibrated and statistically downscaled reconstructions based
on the WorldClim data for current conditions. We chose the
prediction of one of two global climate models tested for the
LGM - the Community Climate System Model (CCSM) and
the Model for Interdisciplinary Research on Climate (MIROC)
— by evaluating the MAXENT values of the area under the
receiver operating characteristic curve (AUC) and interpreting
the resulting maps of each model in p1va-crs.

We generated 2000 random points from across Argentina
and Chile using Geo Midpoint (http://www.geomidpoint.com/
random/) and extracted environmental data in prva-Gis. To
avoid over-estimation of climatic data that can lead to
misleading results (Phillips ef al., 2004; Peterson & Nakazawa,
2008), we used a series of correlation tests in INFOSTAT 2.0 (Di
Rienzo et al., 2002) following a similar procedure described by
Werneck et al. (2011).
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We used a Pearson correlation coefficient > 0.75 to identify
highly correlated variables and selected eight that we consid-
ered more biologically meaningful and directly relevant to M.
spinosum. These were: mean monthly temperature range (Bio
2), isothermality (Bio 3), temperature seasonality (Bio 4),
mean temperature of the wettest quarter (Bio 8), mean
temperature of the driest quarter (Bio 9), precipitation
seasonality (Bio 15), precipitation of the wettest quarter (Bio
16) and precipitation of the driest quarter (Bio 17). The
bioclimatic layers were cropped to project from latitude
55°4" S to 17°29” S and longitude 75°45" W to 56°27" W.

MaxXeNT was run using the following settings for current
and past models: 10 replicates with auto features, response
curves, jackknife tests, logistic output format, random seed,
random test percentage = 25, replicate run type = crossvali-
date,
tions = 500, convergence threshold = 0.00001 and maximum

regularization  multiplier = 1, maximum itera-
number of background points = 10,000. Variable importance
was determined comparing percentage contribution values and

jackknife plots.

RESULTS

Haplotype distribution and nested clade
phylogeographical analysis

DNA sequence lengths ranged from 366 to 385 base pairs (bp)
for trnH—psbA, 680 to 709 bp for trnS—trnG and 700 to 714 bp
for 3’trnV—ndhC. Seventeen gaps, varying from 1 to 10 bp in
length, were introduced during alignment. The combined
matrix included 1828 characters.

A total of 29 haplotypes were identified (Table 2, Fig. 2).
The most frequent and widespread haplotype (26) was found
in 30.89% of the individuals and in 39.44% of the populations.
It is distributed in southern Chile and in all regions of
Argentina, from 35 to 50° S. The second (2) and third (3) most
frequent haplotypes were found in 10.50% and 8.91% of the
individuals and 14.08% and 9.85% of the populations,
respectively. Both haplotypes are confined principally to the
southernmost part of Argentinian Patagonia, from 46 to 52° S,
with haplotype 2 also present in one population from southern

Table 2 Distribution of haplotypes of Mulinum spinosum amongst individuals, populations and geographical regions in Chile and

Argentina.
Number of Percentage of Number of Percentage of Geographical

Haplotypes individuals individuals populations populations distribution

1 2 0.637 2 2.817 SP

2 33 10.509 10 14.084 SP and SCH

3 28 8.917 7 9.859 Sp

4 7 2.229 1 1.408 NCH

5 5 1.592 1 1.408 HA-ARG

6 1 0.318 1 1.408 HA-ARG

7 2 0.636 1 1.408 NP

8 4 1.274 1 1.408 NP

9 12 3.821 6 8.450 NP and HA-ARG
10 5 1.592 1 1.408 NP and CP
11 1 0.318 1 1.408 NP
12 8 2.547 1 1.408 NCH
13 1 0.318 1 1.408 NP
14 9 2.866 2 2.817 NP and CP
15 1 0.318 1 1.408 SCH
16 2 0.636 1 1.408 SP
17 19 6.050 5 7.042 SCH, CP and SP
18 24 7.643 4 5.633 SCH
19 1 0.318 1 1.408 NP
20 8 2.547 1 1.408 NCH
21 9 2.866 3 4.225 HA-ARG and NP
22 4 1.273 2 2.816 NP and SP
23 5 1.592 2 2.816 SP
24 1 0.318 1 1.408 HA-CH
25 7 2.229 1 1.408 HA-CH
26 97 30.891 28 39.436 All regions of ARG and SCH
27 9 2.866 2 2.817 NCH and NP
28 8 2.547 1 1.408 NCH
29 0.318 1 1.408 NCH

HA-CH, high Andean Chile; NCH, northern Chile; SCH, southern Chile; HA-ARG, high Andean Argentina; NP, northern Patagonia; CP, central

Patagonia; SP, southern Patagonia.
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Chile. Haplotypes 5, 6, 7, 8 and 9 are restricted to the northern
Argentinian populations, between 36 and 40° S, and except for
haplotype 9, they are found in only one population each.
Haplotypes 4, 12, 15, 18, 20, 24, 25, 28 and 29 are restricted to
Chilean populations, most of them in the northern sites from
32 to 40° S, and, except for haplotype 18, each one is exclusive
to single populations. In total, 17 of the 29 haplotypes were
found in only one population, five of the 29 in two
populations, and the remaining seven were found at three or
more sites (see Table 2).

Most geographical regions possess exclusive haplotypes. In
northern Argentina and the high Andean Argentinian region
there are nine exclusive haplotypes, while in northern Chile
and the high Andean Chilean region there are seven, with only
one haplotype shared between east and west. In the southern-
most area on both sides of the Andes, the situation is different,
with four haplotypes in southern Patagonia on the Argentinian
side and only two on the Chilean side, with only one haplotype
shared between both regions. There are no exclusive haplo-
types in central Patagonia.
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Statistical parsimony resulted in a network in which five
loops were resolved (Fig. 2). The network is composed of 21
one-step clades, eight two-step clades, three three-step
clades, and the total cladogram (Fig. 2). Comparing the
network with the geographical distribution of haplotypes, a
latitudinal distribution of one- and two-step clades was
observed. Haplotypes in clades 2.1 and 2.3 were located
south of 43° S latitude (central and southern Patagonia)
while haplotypes in clades 2.2, 2.5, 2.6, 2.7 and 2.8 (except
for haplotype 14, located at one population at 45° S) were
found north of 43° S (northern Patagonia and the high
Andean region). Haplotypes in clade 2.4 were distributed
evenly from north to south, but were absent in northern
and high Andean Chile. In the three-step clades, haplotypes
in clade 3.1 are located in northern and southern Patagonia,
although they are absent from central Patagonia (c. 43 to
46° S). Haplotypes in clade 3.2 are distributed in northern
Patagonia except for haplotype 14, which is also in central
Patagonia. Finally, haplotypes in clade 3.3 are widely
distributed.
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NCA revealed significant association of clades and sampling
locations at all clade levels (Table 3). Five one-step clades (1.3,
1.8, 1.14, 1.18 and 1.21) and five two-step clades (2.1, 2.4, 2.5,
2.6 and 2.7) showed significant levels of geographical associ-
ation, whereas the null hypothesis of no geographical associ-
ations was rejected at all higher-level categories (three-step
clades and the entire cladogram). The inferences made from
Templeton’s key (Templeton et al., 2005) are given in Table 3.
Restricted gene flow with isolation by distance was inferred for
four nested clades (1.8, 2.1, 2.6 and 3.2). Also, restricted gene
flow or dispersal but with some long-distance dispersal was
inferred for clades 2.4 and 3.3, while both possibilities were
inferred for clade 1.3. The most likely explanations for clade
3.1 and the entire cladogram were long-distance colonization
and/or past fragmentation.

Haplotype diversity and population differentiation

Haplotype diversity of populations (h) ranged from 0 to 0.68.
Nucleotide diversity (n) ranged from 0 to 0.002, and mean
number of pairwise differences amongst haplotypes within
populations (p) ranged from 0.0 to 3.75 (Table 1).

The highest values of haplotype diversity were found in
Argentinian populations 23, 52, 66, 33 and 70 with 0.68, 0.6,
0.57, 0.54 and 0.53, respectively. Populations 23 and 33 are
located in southern Patagonia, while 52 and 66 are located in
northern Patagonia, and 70 is in the high Andean region. The
highest numbers of pairwise differences were found in
populations 33 and 23 (3.75 and 3.28, respectively; Table 1,
Fig. 1).

In Chilean populations, the highest value of haplotype
diversity (0.25) was found in three populations: 1 and 2 from

high Andean Chile and 15 from southern Chile. The remaining
populations did not show any variability (Table 1, Fig. 1).

The same diversity indices were calculated for each
geographical area along both sides of the Andes. High Andean
and northern Chile showed the highest values of h, m and
p (0.65/0.788; 0.00296/0.00188 and 5.275/3.348, respectively;
Table 4). On the eastern side, the high Andean region and
northern Patagonia together with southern Patagonia showed
the highest values (h, 0.614/0.697; m, 0.0015/0.0014, and p,
1.604/2.487).

AMOVA and SAMOVA

Analyses between Chilean and Argentinian populations
(11.98%,
P = 0.010; Table 5), although there is more variation amongst

showed significant between-group variation
populations within groups than between these two groups.
Nevertheless, sampling on either side of the Andes is unbal-
anced, so results should be interpreted with caution (Table 5).
The analysis amongst Chilean populations showed significant
variation; differences amongst the three groups accounted for
20% of the overall variation (P = 0.023). SAMOVA failed to
detect a meaningful break between Chilean and Argentinian
groups and amongst Chilean populations.

The AMOVA analysis amongst Argentinian populations
according to the regions defined by main rivers showed
significant (60.02%, P < 0.001) variation. The inter- and intra-
population differences explained 23.10% and 16.88% of the
variation, respectively (Table 5). The best partitioning of the
genetic diversity by SAMOVA was obtained for K = 2; further
increases in K sequentially removed single populations
rather than forming additional informative clusters. Southern

Table 3 Populational processes and/or historical events affecting genetic structure in Mulinum spinosum, based on nested clade analysis

(NCA). Hierarchically nested clades, results of permutation contingency tests, NCA inference chain and inferred events are shown.

Clade y’ statistic  P-value Inference chain Inferred pattern

1.3 408.90 < 0.01 1-2-3-5-6-7-8 YES Restricted gene flow/dispersal but with some long-distance
dispersal over intermediate areas not occupied by the species;
or past gene flow followed by extinction of intermediate populations

1.8 13.00 <0.05 1-2-3-4 NO Restricted gene flow with isolation by distance

1.14 51.59 < 0.01 1-19-20 NO Inadequate geographical sampling

1.18 26.00 < 0.01 1-2 10 Tip/interior status cannot be determined — inconclusive outcome (10)

1.21 38.00 < 0.01 1-19-20-2 10 Tip/interior status cannot be determined — inconclusive outcome (I0)

2.1 36.97 < 0.05 1-2-3-4 NO Restricted gene flow with isolation by distance

2.4 318.14 <0.01 1-2-3-5-6-7 YES Restricted gene flow/dispersal but with some long-distance dispersal

2.5 28.00 < 0.01 1-19-20-NO Inadequate geographical sampling

2.6 42.00 < 0.01 1-19-20-2-3-4 NO Restricted gene flow with isolation by distance

2.7 26.00 <0.01 1-19-20-2-3-5-15-16-18 NO  Geographical sampling inadequate to discriminate between fragmentation,
range expansion and isolation by distance

3.1 84.00 < 0.01 1-19-20-2-11-12-13 YES Long-distance colonization possibly coupled with subsequent fragmentation
or past fragmentation followed by range expansion

3.2 93.40 < 0.01 1-2-3-4 NO Restricted gene flow with isolation by distance

3.3 402.30 < 0.01 1-19-20-2-3-5-6-7 YES Restricted gene flow/dispersal but with some long-distance dispersal

Total 598.47 < 0.01 1-2-11-12-13-14 NO Long-distance colonization and/or past fragmentation (not necessarily

cladogram mutually exclusive)
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Table 4 Diversity indices: haplotype (h) and nucleotide (nt) diversity, and mean number of pairwise differences (p), and demographic
analyses of Mulinum spinosum. Tajima’s D, Fu’s Fs and Ramos-Onsins & Rozas’ R, statistics are shown for each geographical area in Chile

and Argentina.

Diversity indices

Demographic analyses

Geographical area h (£ SD) n (£ SD) p (£ SD) D Fg R,
Chile
High Andean region 0.650 + 0.075 0.00296 + 0.00025 5.275 + 2.690 2.79853** 4.990 0.2638
Northern Chile 0.788 £ 0.022 0.00188 £ 0.00022 3.348 + 1.762 2.07698% 3.537 0.2093
Southern Chile 0.623 £ 0.060 0.00073 £ 0.00019 1.302 £ 0.830 -1.61178 0.479 0.0961
Total 0.880 + 0.017 0.00209 £ 0.00019 3.718 + 1.895 —0.41243 —-0.012 0.0839
Argentina
High Andean region and 0.614 + 0.051 0.00150 £ 0.00018 1.604 + 0.959 —0.63901 —2.494 0.0734
Northern Patagonia
Central Patagonia 0.579 £ 0.059 0.00045 £ 0.00005 0.799 £ 0.589 1.35958 1.368 0.1998
Southern Patagonia 0.697 + 0.035 0.00140 £ 0.00018 2.487 + 1.357 0.59806 1.051 0.1243
Total 0.757 £ 0.025 0.00245 £ 0.00010 2.614 + 1.403 0.49361 —1.862 0.1003

*P < 0.05, **P < 0.01.

Patagonian populations were clustered in one group, and the
remaining central and northern Patagonian populations in
another group (68.02% of variation between groups). The
composition of the southern Patagonian group (populations
below the Deseado River in Santa Cruz province) was exactly
the same as the group tested by AMOVA. In the AMOVA
analyses between glaciated and non-glaciated sites, no signif-
icant effect of glaciations was found (Table 5).

Demographic analysis

Fu’s Fg and Ramos-Onsins and Rozas’ R, statistics showed no
significant deviation from values expected under a basic
coalescent model at all geographical areas. Tajima’s D-values
are not significant except for the high Andean and northern
Chilean regions, which showed positive values of 2.80 and

2.08, respectively (Table 4).

Table 5 Results of the analysis of molecular variance (AMOVA) for 71 populations of Mulinum spinosum based on chloroplast DNA
sequence data. The first analysis was performed to test the effect of the Andes. The second analysis was to test differences amongst latitudinal
groups in Chile. The aim of the third analysis was to test differences amongst Argentinian latitudinal groups divided by the Chubut and

Deseado rivers. The fourth analysis was performed on the Argentinian group 3 (southern Patagonia), to test the effect of the Greatest
Patagonian Glaciation (GPG) on ice-covered and uncovered sites. Degrees of freedom (d.f.), sum of squared deviations (SSD), variance
components (VC), percentage of total variance (% total) and significance value (P) are given for each hierarchical level.

Source of variation d.f. SSD vC % of total P-value

1. Argentina vs. Chile
Amongst groups 1 39.789 0.240 11.98 =0.010
Amongst populations within groups 32 369.926 1.489 74.28 < 0.001
Within populations 224 61.715 0.275 13.74 < 0.001
Total 257 471.430 2.005

2. Chilean populations
Amongst groups 2 48.963 0.426 20.00 =0.023
Amongst populations within groups 8 101.537 1.577 73.60 < 0.001
Within populations 77 10.500 0.136 6.39 < 0.001
Total 87 161.000 2.132

3. Argentinian populations
Amongst groups 2 142.249 1.238 60.02 < 0.001
Amongst populations within groups 20 77.177 0.476 23.10 < 0.001
Within populations 147 51.215 0.348 16.88 < 0.001
Total 169 270.641 2.063

4. Glaciated vs. non-glaciated Argentinian populations
Amongst groups 0.639 —-0.108 —12.57 n.s.
Amongst populations within groups 5 16.628 0.370 43.04 < 0.001
Within populations 45 26.925 0.598 69.53 < 0.001
Total 51 44.192 0.860

n.s., not significant.
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Potential current and Pleistocene species distribution
models

Present and LGM species distribution models for M. spinosum
are presented in Fig. 3. In predicting the current distribution,
the mean value of the AUC for the 10 replicates was 77%.
Because the mean value of the AUC using the MIROC model was
79%, while that using the CCSM model was 77%, we selected the
former model for the projection of the LGM distribution.

The current distribution model (Fig. 3a) was a fairly good
representation of the extant geographical distribution of the
species, although some inconsistencies between projected and
realized distribution areas were found, mainly in Tierra del
Fuego island and the Islas Malvinas/Falkland Islands, where M.
spinosum has never been observed.

Despite some differences with the extant species range, the
distribution model for the LGM (Fig. 3b) did not show any
substantial shifts to lower latitudes, except for a probability of
occurrence in northern Argentina (Jujuy province, 22° S) and
also in Chile from 25 to 29° S. Additionally, there are two
predicted areas on the present Atlantic submarine platform:
one extending from c. 42 to 52° S adjacent to Chubut and
Santa Cruz provinces, and the second from 37 to 40° S
flanking the southern part of Buenos Aires province. The
model did not predict the species in Tierra del Fuego and Islas
Malvinas/Falkland Islands, and the probability of occurrence is
higher in northern Patagonia and the high Andean regions
during the LGM than in the current distribution, suggesting an
important difference of suitability in habitat.

In creating these distribution models, the largest contribu-
tion was from variable Bio 8 (mean temperature of the wettest

quarter), which had a contribution of 66 and 57.7% for current
and palaeodistributional predictions, respectively. This was
followed by variable Bio 4 (temperature seasonality), with a
contribution of 15.7% and 25.3%, respectively.

Jackknife tests showed Bio 8 to have the most useful
information independently from the other variables and also to
have the most information not present in the other variables
(not recovered from the other variables), followed by Bio 4.

DISCUSSION

Phylogeographical pattern and past demography

Our study detected population structure in Mulinum spino-
sum. Despite unbalanced sampling, significant variation exists
between and amongst populations on both sides of the Andes.
Significant latitudinal divergence was observed amongst geo-
graphical regions in Chile and in Argentina: high Andean—
northern Patagonia, central Patagonia and southern Patagonia.
Moreover, the geographical discontinuity in southern Patago-
nian populations was highly corroborated. There were no
shared haplotypes amongst most of the clades between
northern and southern regions.

The finding of high haplotype diversity and many unique
haplotypes in populations in northern and high Andean
regions, either east or west of the Andes, indicates that these
regions have been inhabited for a long period of time. The
great proportion of northern populations with private haplo-
types suggests that there is little seed-mediated gene flow
amongst populations, and that isolation over time has
permitted the accumulation of differences. It has been

Figure 3 Predictive distribution models of
Mulinum spinosum for (a) the present and
(b) the Last Glacial Maximum, showing
habitat suitability in southern South America
calculated with MAaXeNT, where darker greys
indicate regions with a higher probability of
species occurrence. Black dots refer to point

localities on which the models are based.
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hypothesized that northern Patagonia and the high Andean
regions, on both sides of the Andes, harbour isolated endemic
species (Hoffman et al., 1997; Dominguez et al., 2006; Esca-
lante et al., 2009). These warm and dry environments are the
richest in species number and have elements in common with
dry steppe communities at lower elevations to the east
(Ferreyra et al., 1998). Consequently, it is possible that this
area could have favoured the persistence of small isolated
populations. This scenario agrees with previous studies on
both plants and animals (Morando et al., 2007; Azpilicueta
et al., 2009; Cosacov et al., 2010).

A small number of haplotypes were restricted to the
southernmost regions compared with the north, and our
results support the same hypothesis of long-term persistence in
southern latitudes. The highest haplotype diversity was found
in two M. spinosum populations (c. 47-51° S), in accordance
with refugia proposed by several studies (Jakob et al., 2009;
Tremetsberger et al., 2009; Cosacov et al., 2010). Interestingly,
Dominguez et al. (2006) suggested that this zone could be an
area of endemism of the Patagonian steppe, in which many
relict taxa are present.

Although it is difficult to evaluate the latitudinal genetic
structure on the Chilean side (mainly because of a sampling
gap), the haplotypes of northern and high Andean regions are
not found in the south, and there is no common widely
distributed haplotype as on the Argentinian side.

It is possible that M. spinosum withstood Pleistocene glacial
aridity and cooling within multiple regions in the Patagonian
steppe either near the Andes or towards the east. Although
most populations of M. spinosum with higher haplotype
diversity are in northern Patagonia, some also exist in southern
Patagonia, with one population of high diversity within the
limit of the GPG ice sheet. This suggests that survival also
occurred at higher latitudes as well as in northern Patagonia,
without any limitation of space during the cooling periods
(Jakob et al., 2009). This hypothesis is consistent with the
evidence that a large portion of Patagonian steppe on the east
remained unglaciated through the late Pleistocene (Rabassa,
2008).

Phylogeographical hypotheses for Patagonia are generally
formulated around the Pleistocene glaciations, either the
LGM or the GPG, and patterns explained by range contrac-
tions into refugia and subsequent expansion/recolonization
events from the refugia. Several latitudinal breaks in other
taxa seem to be associated with the range expansion of
ancestral lineages from north to south (e.g. Jakob et al., 2009;
Cosacov et al., 2010; see review of Sérsic et al., 2011). Barriers
such as marine introgressions, volcanic arches, ice sheets,
river basins and terrain elevations, could have restricted gene
flow (Sérsic et al., 2011).

The general tendencies of the inferred phylogeographical
patterns for M. spinosum are restricted gene flow (RGF) with
isolation by distance, or RGF/dispersal, but with some long-
distance dispersal. High haplotype diversity and a high number
of haplotypes in northern Patagonia and the high Andean
regions, and in southern Patagonia, suggests that M. spinosum
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persisted in each of these areas. For one of the clades, which
includes no-overlapping northern and southern haplotypes,
and for the total cladogram, long-distance colonization
possibly coupled with subsequent fragmentation or a past
fragmentation followed by range expansion is hypothesized.

The model of historical demographic expansion in Pata-
gonia assumes that current distribution of a species at higher
latitudes is the result of post-glacial colonization either from
lower latitudes after climate amelioration (Zemlak et al., 2008;
Xu et al., 2009; Lessa et al., 2010; although they all suggest
older dates of expansion than after the LGM), or colonization
from the east to the west from periglacial refugia (Cosacov
et al., 2010). In our study, there is no evidence of range
expansion of M. spinosum: the three summary statistics, by
failing to reject the null hypothesis, consistently support this
hypothesis and reinforce the inference of limited gene flow.
Nevertheless, there is evidence of possible strong purifying
selection, shrinking population size or a population bottleneck
in northern Chile. Unfortunately, there is a sampling gap in
this area, so results must be interpreted cautiously. Our results
are consistent with the hypothesis of in situ differentiation
within regions in which species occurred within their current
distribution during long periods of time (Jakob et al., 2009;
Tremetsberger et al., 2009).

Major genetic discontinuities in terrestrial Patagonian
organisms follow a clear latitudinal pattern and several breaks
are concordant with river basins that currently drain, or that
drained in the past, the east Andean watershed by crossing the
steppe to the Atlantic Ocean (Sérsic et al., 2011). According to
Kim et al. (1998) and Morando et al. (2007), the central area
of Chubut province has been a historical isolating barrier for
many taxa. The Chubut River leads to the east and was an
important drainage as well as a latitudinal boundary (Clapp-
erton, 1993; Iriondo & Garcia, 1993). Thus, it is possible that
populations in northern Patagonia may have been isolated
from those of southern Patagonia by the Chubut and Deseado
rivers, as both were important historical drainages (Martinez &
Coronato, 2008). Other scenarios have been hypothesized to
explain lineage divergences: pre-Quaternary processes such as
tectonic/orogenic events, volcanism, and palaeobasins could
have favoured diversification in middle and northern areas of
Patagonia (Sérsic ef al., 2011).

Present and palaeodistribution modelling

The model of the present potential distribution for
M. spinosum largely agrees with the species’ realized distribu-
tion. The current distribution modelling showed suitable
habitats of the species in both Tierra del Fuego island and the
Islas Malvinas/Falkland Islands where the species is not known
to occur, which can be explained by suitable climatic
conditions in both places yet failure of the species to disperse
to the islands. The predicted extant distribution in the
southern part of Buenos Aires province is not surprising given
that the species has been found in that region (Parodi, 1941;
Politis & Tonni, 1982; Frangi & Bottino, 1995).
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Climatically, the geographical distribution of M. spinosum
appears to be mainly influenced by the mean temperature of
the wettest quarter. This variable is biologically important as it
is related to the beginning of the growing period. The rainfall
in Patagonia is principally concentrated in winter (the coldest
period), implying that rainfall precedes rather than co-occurs
with the primary growing season (Paruelo et al., 1998; Jobbagy
et al., 2002).

The Quaternary glaciations led to the formation of a
continuous mountain ice sheet extending between 36 and
56° S, that almost completely covered the Patagonian Andean
ranges not far beyond the mountain front on most of the
Argentinian side of the Andes, and extended over the
piedmont areas to the east over the present submarine
platform south of 51° S (southern Santa Cruz province) and
to sea level in the Pacific side (Rabassa, 2008). The Patagonian
glaciations were progressively less extensive during successive
glacial advances after the GPG (Rabassa, 2008). Unfortunately,
GPG bioclimatic layers are not available, so we will restrict our
discussion to the palaeoclimatic period of the LGM.

Pleistocene glaciations were very extensive in Tierra del
Fuego, where the ice sheet reached the present submarine
platform, on several occasions covering the entire island
(Rabassa, 2008). Also, the entire Islas Malvinas/Falkland
Islands were affected by Pleistocene glaciers (Clapperton,
1993). This concurs with the projected absence of the species in
both islands.

The suitability of habitat for M. spinosum over the extant
submarine platform also concurs with the sea level lowering
during the full late Cenozoic glaciations, which dropped by up
to 100-140 m, partially exposing the Argentinian submarine
platform. This process occurred both in the southern Pampa
region (southern Buenos Aires province) and Patagonia, with
almost a doubling in size of the continental areas, leading to
space becoming available for plant colonization (Rabassa,
2008). For the southern Pampa, the environment was
extremely arid to semi-arid, with precipitation c. 100 mm
lower than present (Quattrocchio et al., 2008). These histor-
ically suitable climatic conditions may have allowed the
Patagonian steppe to expand into the pampean grassy prairies
that were spatially reduced and pushed north and north-east
(Frangi & Bottino, 1995; Rabassa, 2008).

The higher probability of occurrence in northern Patagonia
and the high Andean region during both current and
palaeodistribution modelling reinforces the conclusion from
observed patterns of high haplotype number and diversity that
the species has probably persisted in that region over a long
period of time. Despite the high genetic diversity in popula-
tions of southern Santa Cruz, that were very close to the ice
limit sheet, the palaeodistribution modelling proposes a low
probability of occurrence of M. spinosum in that area.
Nevertheless, other studies showed that this is an area of
endemism (Dominguez et al., 2006) and putative refugia
(Jakob et al., 2009; Tremetsberger et al., 2009; Cosacov et al.,
2010). The southern portion of the south-western Patagonian
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steppe deserves more detailed study of its biological, geological
and climatic past.

CONCLUSIONS

The primary contribution of the present work is in formulating
hypotheses of historical processes that have impacted the
distribution of M. spinosum in the Patagonian steppe. Our data
are consistent with the in situ survival hypothesis and not with
the latitudinal migration of plant communities to avoid
adverse climate conditions during Pleistocene cycles. The
regions with high levels of DNA variation are inferred to
represent areas that have been inhabited for a long time or
have served as glacial refugia. We favour persistence rather
than migration for M. spinosum, as persistence in both
northern and southern regions was corroborated by indepen-
dent analyses.

The pattern of restricted gene flow with isolation by distance
concurs with a scenario of fragmentation and isolated popu-
lation groups. The latitudinal breaks with the consequent
structuring of populations may be explained by the influence
from ancient processes that probably occurred long before the
main glaciations in Patagonia or from barriers during degla-
ciation periods (e.g. the main river basins).

Mulinum spinosum appears to be a long-time inhabitant of
the Patagonian steppe that has survived through the glacial-
intergalcial cycles without significant changes in its distribu-
tional range, with neither northward shifts during cold climate
cycles nor reduction in its current population distribution.
This scenario is strongly corroborated by the palacodistribu-
tion modelling. Agreement amongst the phylogeographical
patterns proposed here indicates that glaciations probably did
not have a great effect on the distribution of M. spinosum
populations in Patagonia.
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