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Abstract

The contemporary distribution of organisms cannot be understood without

knowing how species have responded to the geologic and climatic history of their

environments. Genetic studies related to the demographic history of wildlife

species can help us to elucidate the role of climate changes and other environ-

mental forces in shaping patterns of distribution and population structure of the

species. In this work we investigated the phylogeographic pattern and historical

demography of the subterranean rodent Ctenomys porteousi. We examined

mitochondrial DNA control region sequences of 101 individuals collected from 7

localities that cover the complete distributional range of this species. Haplotype

frequencies showed a significant population differentiation whereas the spatial

distribution of haplotypes suggests moderate geographical structure. Genetic

differentiation was not consistent with a simple model of isolation by distance

and several independent estimates suggest that the observed phylogeographical

pattern is the consequence of a complex demographic scenario. Our data suggest

both reduction and population expansion events. Both kinds of demographic

events were associated to major climatic changes that affected the study area

during the Late Pleistocene and the Holocene. In particular, a relationship

between historical changes in the degree of vegetation cover and population size

for this rodent was inferred. We propose that the decrease in aridity of the

Pampean region that started in the Pleistocene–Holocene boundary could have

promoted a major decline in the effective population size of this species.

Introduction

Inferring past demographic changes in wildlife populations

is an essential step to understand the zoogeographical

history of regions (Storz, Beaumont & Alberts, 2002),

allowing the identification of factors that shaped the

distribution of species over space and time (Drummond

et al., 2005; Goossens et al., 2006). If reliable estimates of the

time when demographic changes occurred can be achieved,

this information can be matched to the time of occurrence of

environmental events, providing a powerful tool for identi-

fying the environmental factors that could have been

involved in shaping the population dynamics of a given

species (Heller et al., 2008).

Historical demographic processes such as population

subdivision, range reductions or expansions or, alterna-

tively, long periods of demographic stability, have contrast-

ing effects on the patterns of spatial distribution of genetic

variation (Hewitt, 1996; Matocq, Patton & Da Silva,

2000; Mora et al., 2007). The phylogenetic signals of these

processes can be used to reconstruct population demo-

graphic histories (Avise, 2000; Hewitt, 2000; Ruzzante

et al., 2008).

Environmental changes associated with Quaternary gla-

cial cycles are known to have altered the distribution and

genetic structure of species in the Northern Hemisphere

(Avise, 2000; Hewitt, 2000). In South America, the extent

of glaciation was notably lower than in North America and

Europe (Clapperton, 1993). Although environmental condi-

tions changed notoriously also in nonglaciated regions

(Quattrocchio et al., 2008), their effects on the South

American fauna and flora are poorly known (Lessa, Cook

& Patton, 2003; Ruzzante et al., 2008).

South American subterranean rodents of the genus

Ctenomys (tuco-tucos) are a good model to study the

demographic responses of populations to Quaternary

climate change. Being highly restricted to sandy and friable

soils, these rodents show specialized habitat requirements

(Busch et al., 2000; Antinuchi et al., 2006). Tuco-tucos show

important restrictions in habitat use associated mainly to
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the amount of plant cover (Mapelli & Kittlein, 2009) and

exhibit low rates of migration and gene flow among popula-

tions (Wlasiuk, Garza & Lessa, 2003; Fernández-Stolz,

Stolz & De Freitas, 2007; Mora et al., 2010). These char-

acteristics suggest that changes in the extent and degree of

fragmentation of their characteristic habitats (and the de-

mographic processes associated with them) might have

produced conspicuous signals in the geographic distribution

of genetic variation.

Ctenomys porteousi is a highly endemic species, occupying

a small habitat extension in west-central Buenos Aires

province, Argentina. Its habitat comprises a paleodune

system originated and modified during the Quaternary. The

total area of suitable habitat has been estimated in only

509 km2 (Mapelli & Kittlein, 2009). This habitat is naturally

fragmented, but in recent years the degree of fragmentation

has been notably increased because the expansion of soy-

bean cultivation in the region (Mapelli & Kittlein, 2009),

imposing a great threat to the viability of the species,

which is declining because of habitat loss along much of

its range (Dı́az & Ojeda, 2000). Experts consider it as

close to qualifying for vulnerable (IUCN Red List: http://

www.iucnredlist.org/apps/redlist/details/5823/0).

Here we assessed the pattern of genetic differentiation in

C. porteousi using mitochondrial DNA (mtDNA) control

region sequences from a phylogeographic and population

genetic perspective and established associations between

historical changes in effective population size and major

climatic changes occurred during the late Quaternary.

Materials and methods

Sample collections

We obtained tissue samples from a total of 101 individuals

of C. porteousi (see Mora et al., 2006 for details on the

capture and handling of animals). Samples comprised be-

tween 12 and 16 individuals for each one of seven localities

along the entire distributional range of this species (Fig. 1,

Table 1). All sampling localities consisted of a discrete

habitat patch located in areas with sandy and friable soils

with little vegetation cover (for a better description of the

habitat see Mapelli & Kittlein, 2009).

DNA extraction, PCR amplification and
sequencing

Total DNA extractions were performed following Mora

et al. (2006). A fragment of 420 bp of the 50 hypervariable
portion of the mitochondrial DNA control region was

amplified by polymerase chain reaction (PCR) from all

specimens using the primers TucoPro (50-TTC TAA TTA

AAC TAT TTC TTG-30, Tomasco & Lessa, 2007) and

TDKD (50-CCT GAA GTA GGA ACC AGA TG-30,
Kocher et al., 1989). Amplification was carried out follow-

ing Mora et al. (2007). Amplicons were purified with shrimp

alkaline phosphatase and exonuclease I (Amersham Bios-

ciences). These final PCR products were sequenced with a

capillary sequencer ABI3100 (Macrogen Inc., Korea), with

the primers used in PCR.

Electropherograms were scored and analyzed using

Chromas 2.01 (Technelysium, Helensvale, Qld, Australia)

and aligned using CLUSTAL X (Thompson et al., 1997).

Phylogenetic, population genetic and
demographic analyses

Haplotype and nucleotide diversity were calculated to esti-

mate DNA polymorphisms in each locality using DNAsp

4.0 (Rozas et al., 2003) and ARLEQUIN 3.0 (Excoffier, Laval &

Schneider, 2005).

For examining the overall level of genetic divergence

among localities we used the FST statistics based on se-

quence data (FST, Hudson, Slatkin & Maddison, 1992).

Significance of these values was evaluated using 1000 per-

mutations in ARLEQUIN 3.0 (Excoffier et al., 2005). Pairwise

estimates of FST and linear geographic distances among

localities were used to examine the fit of the data to an

isolation by distance pattern (Slatkin, 1993). A Mantel

(1967) nonparametric test was used to assess the significance

of the correlation between estimates of population diver-

gence and geographic distances using 1000 permutations of

the original matrices.

Figure 1 Map of the geographic distribution of

Ctenomys porteousi in central Argentina. The

names of the seven localities sampled are

indicated. Geographic coordinates of these lo-

calities are: San Fermı́n (361480S, 621360W),

Bonifacio (36147 0S, 621180W), La Calma

(36137 0S, 621130W), El Inca (361500S,
621090W), La Manuela (36148 0S, 621020W), La

Larga (361440S, 611390W) and Daireaux

(36134 0S, 611390W).
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Phylogenetic relationships among haplotypes were ana-

lyzed by maximum parsimony (MP) and neighbor joining

(NJ) methods using PAUP 4.0b10 (Swofford, 2002). MP

analysis was performed with heuristic searches with 100

random addition sequence replicates and tree bisection

reconnection. Alternatively, phylogenetic relationships were

analyzed using Bayesian inference (BI) using MrBayes 3.1.2

(Ronquist & Huelsenbeck, 2003). We used four independent

runs of 5� 106 iterations of Markov Chain Monte Carlo

(MCMC) algorithm. Parameters were sampled with a thin-

ning interval of 100 and the first 2� 104 iterations were used

as burn-in. In all phylogenetic analysis we used sequences of

Ctenomys rionegrensis (Wlasiuk et al., 2003; Genbank ac-

cession numbers AF538366) and Ctenomys talarum (Mora

et al., 2007; Genbank accession numbers EF531719) as

outgroup. The Akaike information criterion and Bayesian

information criterion implemented in jModeltest (Posada &

Buckley, 2004; Posada, 2008) were used to select the nucleo-

tide substitution model used in NJ and BI analysis. Support

of internal nodes was tested using 1000 bootsrap replicates.

The relationship among haplotypes was also analyzed

using a haplotype network. Median-joining methods (Ban-

delt, Forster & Röhl, 1999) as implemented in Network

4.5.1 (http://www.fluxus-emgineering.com) was used to con-

struct the haplotype network.

The historical demography of C. porteousi was inferred

using different complementary approaches. First, we tested

for sudden demographic expansion using mismatch distri-

bution analyses. We employed the sum of squared devia-

tions (SSD) statistic and the raggedness index (Rg) defined

by Harpending (1994) to test the goodness of fit of the

observed mismatch distribution to that expected under the

sudden expansion model. Estimation and testing were done

by bootstrap resampling (10 000 replicates) using ARLEQUIN

3.0 (Excoffier et al., 2005). Second, to test for deviations

from neutrality (as would be expected under demographic

expansion) we used Tajima’s D (Tajima, 1989) and Fu’s F ’s

(Fu, 1997) tests. Significance of these statistics was tested

using 1000 permutations in ARLEQUIN 3.0 (Excoffier et al.,

2005). These analyses were carried out separately for each

locality and globally, including all sequences as belonging to

the same population.

To estimate demographic changes through time we con-

structed Bayesian skyline plots (BSP) as implemented in

BEAST 1.4.8 (Drummond & Rambaut, 2007). This approach

incorporates the uncertainty in the genealogy by using

MCMC integration under a coalescent model, where the

timing of divergence events provides information about

changes in effective population size through time. MCMC

tests were run for 2.5� 107 iterations and sampled every

1000 steps under a relaxed lognormal molecular clock with

uniformly distributed priors. The first 10% of iterations

were discarded as a burn-in period. To assess the robustness

of parameter estimates, four independent chains were run

with identical settings. After checking the consistency on the

parameter estimation, the chains were combined into a

composite chain with 9� 107 states using LogCombiner

1.4.8 (Drummond & Rambaut, 2007). Log-files were ana-

lyzed in TRACER 1.4.8 (Drummond & Rambaut, 2007), and

effective sample sizes were used to evaluate MCMC conver-

gence within chains. To convert coalescence times in years

from the substitutions per site estimated by BEAST, it is

necessary to use an appropriate molecular clock. Because

molecular clock estimates are often dubious; we applied

three different mutation rates. Initially, we used 1.5 and 6%

per million year (Myr), which conservatively bracket the

range of mtDNA mutation rates proposed for other small

mammals (Martin & Palumbi, 1993). Additionally, we used

a mutation rate of 4.42%Myr�1 estimated for the mito-

chondrial control region of the genus Ctenomys by M. S.

Mora et al. (unpubl. data). This last estimation is based in

sequences for three species of the family Octodontidae

(Spalacopus cyanus, Tympanoctomys barrerae and Octodon

degus), five species from the family Ctenomyidae (C. socia-

bilis, C. australis, C. leucodon, C. pearsoni and C. torquatus),

and two direct fossil calibrations (differentiation between

the families Ctenomyidae and Octodontidae is at least

9.13Ma., and 3.5Ma for the radiation of the genus Cte-

nomys, see Verzi, 1999; Vucetich, Verzi & Hartenberger,

1999; Verzi, Olivares & Morgan, 2010).

Results

Mitochondrial DNA sequence variation

A fragment of 420 bp was obtained for 101 individuals of

C. porteousi. Along the whole fragment, 17 sites were poly-

morphic (all transitions) defining 12 haplotypes. Haplotypes

sequences were deposited in GenBank under accession num-

bers JN196432 to JN196443. Overall nucleotide diversity was

Table 1 Number of sampled individuals, polymorphic sites, number of haplotypes and haplotypic and nucleotidic diversity for the sampled

localities of Ctenomys porteousi

Locality

Sampled

individuals

Number of

polymorphic sites

Number of

haplotypes

Haplotypic

diversity

Nucleotidic

diversity

San Fermı́n 15 7 2 0.47 0.0081

Bonifacio 13 8 4 0.72 0.0053

El Inca 12 10 5 0.74 0.0086

La Calma 16 13 4 0.67 0.0101

La Manuela 14 7 3 0.69 0.0068

La Larga 15 6 2 0.53 0.0077

Daireaux 16 2 3 0.71 0.0022
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0.01 and haplotype diversity was 0.89. Locality values are

shown in Table 1.

Population structure and phylogeographical
relationships

Genetic differentiation among localities was highly signifi-

cant (FST=0.37, Po0.001). All pairwise comparisons

among localities were also significant (FST=0.13–0.74),

indicating a moderate to high degree of population differ-

entiation. Mantel tests did not show a significant correlation

between geographic distances and pairwise estimates of

population structure (R=�0.093, P=0.63), thus failing to

reveal a pattern of isolation by distance.

Results from jModeltest favored the HKY+G+I as the

most appropriate evolutionary substitution model. Phylo-

genetic relationships among haplotypes obtained by differ-

ent methods used here were highly concordant (only the

phylogenetic tree obtained by BI is showed in Fig. 2). The

mtDNA haplotypes of C. porteousi conformed a monophy-

letic clade with a high bootstrap support in the node that

separates them from the outgroups. Geographic structure is

not clear in the ingroup sequences, showing many poly-

tomies (MP and BI analysis) and low to moderate bootstrap

support (MP and NJ analysis). In general, there is limited

geographic structure among localities, recovering all the

sites as polyphyletic units.

The haplotype network (Fig. 3) had a complex topology

and showed low geographic structure: haplotypes found in

the same locality (except for those of Daireaux) were located

at very distant parts within the network. There was no

commonly distributed haplotype: the most widely distribu-

ted haplotype was present in only four localities (H4), and

only three haplotypes were shared by more than two sites

(H1, H8 andH9). Moreover, half of the haplotypes occurred

in only one locality.

Historical demography

Mismatch distribution of pairwise differences among hap-

lotype sequences was bimodal (Fig. 4), contrasting with the

unimodal pattern expected in populations that have experi-

enced a recent demographic expansion. However, both SSD

(SSD=0.022, P=0.22) and Harpending’s raggedness index

(Rg=0.04, P=0.18) indicated that the observed mismatch

distribution did not differ significantly from the distribution

expected under population expansion. On the other hand,

neutrality tests showed differing results: at a global level,

Figure 2 Phylogenetic relationship of Cte-

nomys porteousi and two outgroups based on

mitochondrial control region sequences ob-

tained by Bayesian inference. Posterior prob-

abilities based on 4500 post burn-in trees are

shown above the branches. Abbreviations for

locations are given in Table 1. Numbers next to

locations indicate the sample size of each

haplotype at each locality. H1–H12 identifies

the haplotype number as in Fig. 3.
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Tajima’s D test did not show significant deviations of strict

neutrality (D=1.14, P=0.89) suggesting demographic sta-

bility; but Fu’s F statistic showed a negative and significant

value (Fs=�25.73, Po0.001), indicating an excess of low

frequency haplotypes, which is expected if C. porteousi

experienced a recent demographic expansion. The same

pattern (significance of Fu but no of Tajima test) was

present in each locality when these were analyzed individu-

ally (supporting information Table S1).

The demographic scenario inferred from the BSP analysis

showed a dual pattern: an initial long time of relatively

constant population size followed by a recent period of

marked demographic changes (Fig. 5). This period of

changes started about 10 000 BP under a mutation rate

of 4.42%Myr�1. Using 1.5 and 6%Myr�1 mutation rates,

the beginning of this period gives 30 000 and 8000 BP, respec-

tively. The first part of these changes implied a reduction in

population size of c. 75%. A changing rate of decrease in

population size is suggested, with steeper declines at the end

of this period. After this decline, an episode of demographic

expansion was inferred. Considering a mutation rate of

4.42%Myr�1 this expansion began about 750 BP, with and

inteval of 2000–500 BP using 1.5 and 6%Myr�1 mutation

rates, respectively. This tendency continued to nowadays and

represents an increase of c. 30% in population size.

Discussion

A stepping-stone model is predicted to describe the relation-

ship between gene flow and geographic distance in

species with limited dispersal that are distributed in frag-

mented habitats. As a consequence, it is expected that the

relationship between genetic differentiation and geographic

distance fits an isolation by distance model (Slatkin, 1993).

This pattern is expected to occur in subterranean rodents,

which are characterized by present high degree of popula-

tion structure, mainly as a result of occupy small

and unconnected population demes (Wlasiuk et al., 2003;

Mora et al., 2010).

Distribution of the genetic variation in C. porteousi does

not fit to this pattern, possibly reflecting a lack of equili-

brium between genetic drift and gene flow among localities.

Although half of the haplotypes were restricted to a single

locality, some of them have a wide geographic distribution,

occurring in very distant localities. Therefore, population

differentiation seem not to be produced by a combination of

unique or closely related haplotypes, but it is a consequence

of distinctive assortments of shared haplotypes.

Genetic equilibrium between the loss of alleles due to

drift and their replacement by gene flow is reached when

migration remains stable across the geographic range

for long enough time (Slatkin, 1993). Demographic pro-

cesses as well as changes in the geographic range delay the

establishment of an isolation by distance pattern. Therefore,

population genetic structure would reveal the imprinting

of historical population processes, rather than current levels

of gene flow (Milá et al., 2000; Turgeon & Bernatchez, 2001;

Mora et al., 2007).

The absence of an isolation-by-distance pattern in species

with restricted dispersal abilities like C. porteousi could be

the consequence of a recent expansion of its distributional

range (Wlasiuk et al., 2003; Mora et al., 2006). However,

since C. porteousi is a highly endemic species with a very

narrow distributional range, and a very limited availability

of suitable habitat (see Mapelli & Kittlein, 2009) this

hypothesis seems unlikely at first glance. On the other hand,

partial evidence of a population expansion event is provided

by Fu’s Fs test, suggesting a significant excess of low-

frequency haplotypes in C. porteousi at a global level. The

same pattern was present at each locality, suggesting that

the population expansion event included the whole distribu-

tional range of this species.

Differences in results of Fu’s and Tajima’s neutrality tests

can be related to their statistical properties. Fu’s test is more

powerful for detecting demographic change and/or genetic

hitchhiking than Tajima’s test (Fu, 1997). Another insight of

recent population expansion is provided by the results of the

Figure 3 Median-joining haplotype network of Ctenomys porteousi

mtDNA sequences. Circle sizes are proportional to haplotype frequen-

cies. Haplotype numbers correspond to those of Fig. 2. Shading

patterns indicates localities. The crossed marks are nucleotide sub-

stitutions inferred in that branch.

Figure 4 Mismatch pairwise distribution of mitochondrial control

region sequences for Ctenomys porteosui. Solid line: observed

distribution; dashed line: expected distribution under an exponential

population expansion model.
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BSP demographic reconstructions, which suggested a recent

growth event during the last years before present.

Nevertheless, some results did not suggest a demographic

expansion event. Although tests related to mismatch dis-

tribution did not reject the population expansion hypoth-

esis, the observed mismatch distribution was clearly not

unimodal as expected if the population has recently ex-

panded. In addition, the network of haplotypes is not

characterized by a starlike topology and is not dominated

by a few haplotypes widely distributed in all localities, as

would be expected if a recent expansion had occurred. This

apparent contradiction among different analyses would

suggest that a single process of demographic expansion does

not properly explain the genetic variation in C. porteousi.

Some haplotypes had a wide geographic distribution and

were present at very distant localities. Given the high FST

values recorded, the presence of the same haplotypes in

distant localities can not be explained by profuse gene flow

among sites and could reflect historical connectivity.

Events associated to strong genetic drift affecting popula-

tions after restrictions in gene flow could produce a pattern

of haplotype distribution similar to observed inC. porteousi.

Then, the presence of haplotypes with a wide geographic

distribution could be evidence of historical connectivity, and

high FST values among sites could be a consequence of

strong effects of genetic drift in populations that evolve

under very limited gene flow. Strong reductions in popula-

tion sizes could produce the elimination of some alleles at

low frequencies in some populations (Fernandez-Stolz et al.,

2007), leading to a substantial reduction in haplotype

diversity in some localities (La Larga and San Fermı́n, see

Table 1). If migration is interrupted by several generations,

bottleneck events could result in the elimination of alter-

native haplotypes at local populations. In this sense, strong

genetic drift after reductions in effective population size

might explain the occurrence of divergent haplotypes at

some localities.

Demographic reconstructions point to a drastic reduction

in population size starting around the Pleistocene–Holocene

boundary. This episode would have increased genetic drift,

with loss of low frequency haplotypes. As we said previously

and was also suggested by Glenn, Stephan & Braun (1999)

and Golani et al. (2007), divergent haplotypes within the

same population can occur in species that undergone severe

bottleneck processes. As a result of this, however, we would

expect that pairs of individuals taken at random from the

population differ in average by many nucleotide substitu-

tions; resulting in a mismatch distributions with many

modes at large values of pairwise differences (Rogers &

Harpending, 1992; Harpending et al., 1998). This is not the

Figure 5 Bayesian skyline plot showing the

effective population size fluctuations through-

out time in Ctenomys porteousi. Black lines

represent median estimations and grey lines

represent the upper and lower 95% credible

intervals. (a) Complete demographic recon-

struction. The position of Pleistocene–Holo-

cene boundary (10 000 years) is indicated

based on a 1.5% (dotted vertical line), 4.42%

(dashed vertical line) and 6% (dashed-and-

dotted vertical line) mutation rates. (b) Details

of demographic reconstructions for the last

years before present. The beginning of Little

Ice Age (500 years) is indicated based on a

1.5% (dotted vertical line), 4.42% (dashed ver-

tical line) and 6% (dashed-and-dotted vertical

line) mutation rates.
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pattern for C. porteousi at a global level. Therefore, the

distribution of haplotypes among localities was unlikely

brought about only by habitat fragmentation and subse-

quent bottlenecks.

Taking into account all the results in relation to the

demographic dynamic in C. porteousi, we propose that the

distribution of haplotypes among localities was brought

about by a complex demographic history, including both

population expansions and bottlenecks.

Demographic history of C. porteousi
populations and environmental effects

The Pampean region, which includes Buenos Aires province,

is a large ecotonal biome between the warm and wet

Brazilian faunas and the cold and arid western and southern

faunas prevailing in Patagonia today (Tonni, Cione &

Figini, 1999). Last Cenozoic records in Buenos Aires pro-

vince suggest climatic fluctuations alternating between arid

and cold, and warm and humid conditions. These climatic

changes have strongly affected the Pampean fauna, increas-

ing alternatively the proportion of species of Brazilian and

Patagonian origin (Tonni et al., 1999).

Middle and Late Pleistocene paleoclimatic indicators in

the Pampas suggest cold and dry climatic conditions

(Deschamps & Ton, 1992; Iriondo & Garcı́a, 1993; Quat-

trocchio et al., 2008). Pampean area was apparently covered

by desert vegetation growing on sand dunes and loess fields

(Clapperton, 1993), while pollen records suggest strong

aeolian activity which may also have caused a decrease of

humid grasslands (León & Anderson, 1973; Grill, 1997).

These climatic conditions would have sustained a wide

distributed plant physiognomy similar to that of habitat

patches currently occupied by C. porteousi. Since patch

occupation in C. porteousi is negatively associated to plant

cover (Mapelli & Kittlein, 2009), the availability of habitat

for this species would have been considerably larger and less

fragmented during this period; giving support to the view of

larger population sizes and higher stability inferred from

BSP analyses for the Middle and Late Pleistocene.

At about 10 000–9000 BP an important rise in temperature

occurred in South America (Heusser, Steeter & Stuive, 1981;

Clapperton, 1993). Palynological records suggest an in-

crease in temperature and a decrease of arid conditions at

Pleistocene–Holocene transition in Buenos Aires province

(Borromei, 1995; Grill, 1997; Quattocchio & Borromei,

1998). A rise of sea level and the flooding of the riverbeds

may have favored the spread of inland grasslands, increas-

ing the plant cover (Quattrocchio et al., 2008). Moreover,

about 5000–7000 BP an expansion of Brazilian fauna to-

wards south-west suggests a continuous increase in tempera-

ture and humidity during the Middle Holocene (Tonni,

1990; Deschamps & Ton, 1992). Several paleoclimatic in-

dicators suggest an increase of warm and humid conditions

for the period 1400–600 BP (Cioccale, 1999; Tonni et al.,

1999; Prevosti, Bonomo & Tonni, 2004). In summary,

several paleoclimatic indicators suggest a significant change

in climatic conditions during the period comprising from

10 000 to 600 BP, associated to a marked decrease in aridity.

Moreover, paleoclimatic records suggest an accentuation of

these conditions at the end of this period.

Subterranean rodents are restricted to friable soils with

low vegetation cover, where the cost of burrowing activities

is lower and aeration of soils is higher (Vleck, 1979; 1981).

Historical demographic reconstruction in C. porteousi sug-

gests a reduction of c. 75% in population size. This re-

duction could have probably started around the Pleistoce-

ne–Holocene boundary and the rate of decline was higher at

the end of this period. According to the paleoenviromental

data and, taking into account the habitat requirements of

Ctenomys species (Mapelli & Kittlein, 2009), this marked

population decrease could have been due to a significant

reduction in the habitat availability in response to a rise in

temperature and humidity.

A new climate change event is registered starting around

600–500 BP in the Central region of Argentina. This episode

has been linked with the Little Ice Age (LIA), which

occurred between the XVI and XIX centuries (Cioccale,

1999). During this period, arid and cold conditions were

reestablished in the region repeating, with less intensity,

climatic conditions prevailing during the Late Pleistocene

(Iriondo & Garcia, 1993; Prieto, 1996; Grill, 1997). The

palynological records suggest that recurrence of a decrease

in vegetation cover during this period (Quattocchio &

Borromei, 1998; Quattrocchio, Grill & Zavala, 1998). This

scenario continued until the end of the XIX Century, when

the actual climate conditions are established (Cioccale,

1999).

Demographic reconstructions of C. porteousi suggest an

increase on population size in recent years. Using a wide

interval of mutation rates, the beginning of this episode was

dated between 2000–500 BP. Taking into account the strong

relation of Ctenomys species to soils with low vegetation

cover (Mapelli & Kittlein, 2009), this expansion could be

related to an increase in aridity due to the LIA.

Thus, a relationship seems to exist between the major

climatic changes suggested for the Late Pleistocene and

Holocene in the Central region of Argentina and the

historical demography inferred for C. porteousi. Given the

match between temporal estimates of the two most relevant

demographic changes in this species and the paleoenviro-

mental changes in the region; we suggest that variations in

soil aridity was a key environmental factor responsible for

the historical population sizes of C. porteousi. Alternative

explanations for this complex demographic scenario can

not, however, be discarded, particularly considering that the

estimated times of demographic changes are based on a

single locus.

Conclusions and perspectives

We propose the following scenario for the historical demo-

graphy of C. porteousi: during the Late Pleistocene, popula-

tions of this rodent were large and highly connected along

different areas of its distributional range, as suggested by the

wide geographic distribution of some haplotypes and the
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high population size inferred from BSP reconstructions. As

a consequence of a decrease in the aridity of the Pampean

region that started about 10 000 BP, habitat availability for

the species decreased. Suitable habitat started to fragment,

populations lost connectivity and decreased in size, favoring

the occurrence of bottlenecks and increasing genetic drift.

Bottlenecks were intense (75% of the population according

to the BSP) and lasted long enough as to eliminate many low

frequency haplotypes in isolated demes. A more recent

process of population expansion, likely associated to the

LIA event, affected the populations; but despite this, present

population might be considered relictual when compared to

the sizes they reached during the Late Pleistocene.

During the last decades, the area occupied by C. porteousi

was intensively impacted by human activities. Soil compac-

tion was incremented through forestations and the introduc-

tion of an exotic grass Eragrostis curvula. This exotic grass

quickly reaches very high densities, producing the total

exclusion of C. porteousi from these areas. On the other

hand, the proportion of agricultural land augmented, in-

creasing the rate of habitat alteration. The close associations

between habitat suitability and population size inferred

from historical demography and recent surveys (Mapelli &

Kittlein, 2009) suggest that human impacts on grassland

communities are having marked effects on the population

dynamics of C. porteousi, threatening the viability of this

species along much of its distributional range.
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charts of Nepostá Grande Creek, southwestern Buenos

Aires Province, Argentina. Quat. South Am. 11, 111–133.

Rogers, A.R. & Harpending, H. (1992). Population growth

make waves in the distribution of pairwise genetic differ-

ences. Mol. Biol. Evol. 9, 552–569.

Ronquist, F. & Huelsenbeck, J.P. (2003). MRBAYES 3:

Bayesian phylogenetic inference under mixed models.

Bioinformatics 19, 1572–1574.

Rozas, J., Sánchez-Delbarrio, J.C., Messeguer, X. & Rozas,

R. (2003). DNASP4, DNA polimorphism análisis by the

coalescent and other methods. Bioinformatics 19,

2496–2497.

Ruzzante, D.E., Walde, S.J., Gosse, J.C., Cussac, V.E., Habit,

E., Zemlak, T.S. & Adams, D.M. (2008). Climate control

on ancestral population dynamics; insight from Patagonian

fish phylogeography. Mol. Ecol. 17, 2234–2244.

Slatkin, M. (1993). Isolation by distance in equilibrium and

non-equilibrium populations. Evolution 47, 264–279.

Storz, J.F., Beaumont, M.A. & Alberts, S.C. (2002). Genetic

evidence for long-term population decline in a savannah-

dwelling primate: inferences from a hierarchical Bayesian

model. Mol. Biol. Evol. 19, 1981–1990.

Journal of Zoology ]] (2011) 1–10 c� 2011 The Authors. Journal of Zoology c� 2011 The Zoological Society of London 9

Phylogeography of Ctenomys porteousiF. J. Mapelli et al.

56 Journal of Zoology 286 (2012) 48–57 © 2011 The Authors. Journal of Zoology © 2011 The Zoological Society of London

Phylogeography of Ctenomys porteousi F. J. Mapelli et al.



Swofford, D.L. (2002). PAUP�: phylogenetic analysis using
parsimony (and other methods). Version 4. Sunderland:

Sinauer Associates.

Tajima, F. (1989). Statistical method for testing the neutral

mutation hypothesis by DNA polymorphism. Genetics

1233, 585–595.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F.

& Higgins, D.G. (1997). The CLUSTAL_X Windows

interface: flexible strategies for multiple sequence align-

ment aided by quality analysis tools. Nucleic Acids Res. 25,

4876–4882.

Tomasco, I. & Lessa, E.P. (2007). Phylogeography of the

tuco-tuco Ctenomys pearsoni: mtDNA variation and its

implication for chromosomal differentiation. In The quin-

tessential naturalist: honoring the life and legacy of Oliver

Pearson: 859–882. Kelt, D.A., Salazar-Bravo, J.A. & Pat-

ton, J.L. (Eds). California: University of California Press.

Tonni, E.P. (1990). Mamı́feros del Holoceno en la provincial

de Buenos Aires. Paula-Coutiana 4, 3–21.

Tonni, E.P., Cione, A.L. & Figini, A.J. (1999). Predominance

of arid climates indicated by mammals in the pampas of

Argentina during the Late Pleistocene and Holocene.

Palaeogeogr. Palaeocl. 147, 257–281.

Turgeon, J. & Bernatchez, L. (2001). Clinal variation at

microsatellite loci reveals historical secondary intergrada-

tion between glacial races of Coregonus artedi (Teleostei:

Coregoninae). Evolution 55, 2274–2286.

Verzi, D.H. (1999). The dental evidence on the differentiation

of the ctenomyine rodents Caviomorpha, Octodontidae,

Ctenomyinae. Acta Theriol. 44, 263–282.

Verzi, D.H., Olivares, A.I. &Morgan, C.C. (2010). The oldest

South American tuco-tuco (late Pliocene, northwestern

Argentina) and the boundaries of the genus Ctenomys

(Rodentia, Ctenomyidae). Mammal. Biol. 243–252.

Vleck, D. (1979). The energy cost of burrowing by the pocket

gopher Thomomys bottae. Physiol. Zool. 52, 122–134.

Vleck, D. (1981). Burrow structure and foraging cost in the

fossorial rodent, Thomomys bottae. Oecologia 49, 391–396.

Vucetich, M.G., Verzi, D.H. & Hartenberger, J.L. (1999).

Review and analysis of the radiation of the South Amer-

ican Hystricognathi (Mammalia, Rodentia).CRAcad. Sci.

II 329, 763–769.

Wlasiuk, G., Garza, J.C. & Lessa, E.P. (2003). Genetic and

geographic differentiation in the Rio Negro tuco-tuco

(Ctenomys rionegrensis): inferring the roles of migration

and drift from multiple genetic markers. Evolution 57,

913–926.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Tajima and Fu neutrality tests for each

locality.

As a service to our authors and readers, this journal

provides supporting information supplied by the authors.

Such materials are peer-reviewed and may be re-organized

for online delivery, but are not copy-edited or typeset.

Technical support issues arising from supporting informa-

tion (other than missing files) should be addressed to the

authors.

Journal of Zoology ]] (2011) 1–10 c� 2011 The Authors. Journal of Zoology c� 2011 The Zoological Society of London10

Phylogeography of Ctenomys porteousi F. J. Mapelli et al.

Journal of Zoology 286 (2012) 48–57 © 2011 The Authors. Journal of Zoology © 2011 The Zoological Society of London 57

F. J. Mapelli et al. Phylogeography of Ctenomys porteousi


