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Abstract
Understanding the processes and patterns of local adaptation and migration involves an exhaustive knowledge of how 
landscape features and population distances shape the genetic variation at the geographical level. Ctenomys australis is an 
endangered subterranean rodent characterized by having a restricted geographic range immerse in a highly fragmented sand 
dune landscape in the Southeast of Buenos Aires province, Argentina. We use 13 microsatellite loci in a total of 194 individu-
als from 13 sampling sites to assess the dispersal patterns and population structure in the complete geographic range of this 
endemic species. Our analyses show that populations are highly structured with low rates of gene flow among them. Genetic 
differentiation among sampling sites was consistent with an isolation by distance pattern, however, an important fraction of 
the population differentiation was explained by natural barriers such as rivers and streams. Although the individuals were 
sampled at locations distanced from each other, we also use some landscape genetics approaches to evaluate the effects of 
landscape configuration on the genetic connectivity among populations. These analyses showed that the sand dune habitat 
availability (the most suitable habitat for the occupation of the species), was one of the main factors that explained the dif-
ferentiation patterns of the different sampling sites located on both sides of the Quequén Salado River. Finally, habitat avail-
ability was directly associated with the width of the sand dune landscape in the Southeast of Buenos Aires province, finding 
the greatest genetic differentiation among the populations of the Northeast, where this landscape is narrower.
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Introduction

The management of endangered species requires the iden-
tification of units that behave independently in terms of 
population dynamics (Waples and Gaggiotti 2006). One of 

the ways to study the population dynamics of species and 
delimit spatially discrete units in highly fragmented land-
scapes is to quantify the population connectivity and gene 
flow based on inferences about migration rates (Hanski and 
Gaggiotti 2004). The movement of individuals (and their 
genes) will depend mainly on the characteristics of the envi-
ronment they inhabit, since a fragmented landscape offers a 
greater degree of heterogeneity that can restrict or promote 
dispersion (Hanski and Gaggiotti 2004; Crooks and San-
jayan 2006). Beyond the particularities presented by the spe-
cies, the history and evolution of the landscapes has deeply 
conditioned the way in which genetic variation has been his-
torically partitioned geographically (Apodaca et al. 2012). 
In this sense, the study of habitat fragmentation constitutes 
a fundamental pathway in order to assess the population 
structure, which influences the level of long-term popula-
tion genetic variability (Hanski and Gaggiotti 2004). The 
loss of genetic variability as a result of habitat fragmentation 
leads both to a decrease in the population connectivity and 
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a reduction in effective population sizes (Hanski and Gag-
giotti 2004), increasing the effect of genetic drift and levels 
of inbreeding within such populations (Crispo et al. 2011).

South American subterranean rodents of the genus Cten-
omys (tuco-tuco) represent excellent models for the study 
of dispersal patterns because they commonly occupy frag-
mented habitats and have limited dispersion in relation to the 
spatial scale of habitat discontinuities (Steinberg and Patton 
2000). They are typically characterized by exhibiting small 
effective population size with low genetic variability and 
high inter-population divergence (Busch et al. 2000; Lacey 
2000).

The sand-dune tuco-tuco (Ctenomys australis) is an 
endemic and endangered subterranean rodent (category 
endangered by The IUCN Red List of Threatened Species 
2018) with a very narrow distributional range in the coastal 
sand dunes along the Atlantic coast of the Buenos Aires 
province, Argentina (Zenuto and Busch 1998; Kittlein et al. 
2004; Mora et al. 2006, 2010). The individuals of this spe-
cies are highly specialized in occupying the dune environ-
ment and build large burrow systems on the first strip of 
coastal dunes, on soft soils with scarce plant cover (Vassallo 
1998; Mora et al. 2006, 2010). Along the coast, the habitat 
of C. australis is practically linear and mostly continuous 
over all of its highly restricted distributional range (less than 
280 km), interrupted by some towns and cities, streams and 
a large river, the Quequén Salado River (Mora et al. 2006). 
Behind the coastal sandy barrier the environment is severely 
impacted by crops and pasture fields. At smaller spatial scale 
(few kilometers), the habitat of this species is recurrently 
interrupted by low inter-dune grasslands with harder soils 
(not suitable habitat for the occupation of C. australis), gen-
erating a more heterogeneous environment with numerous 
effective potential barriers to gene flow that result in sev-
eral isolated populations along the coast (Mora et al. 2006, 
2010; see also Cutrera and Mora 2017). Additionally, the 
nearly one-dimensional pattern of distribution along the 
coast imposes important restrictions on gene flow and on the 
dynamic of differentiation within this species (Mora et al. 
2006; Mora and Mapelli 2010; Cutrera and Mora 2017). 
Other factors such as the progressive advance of forest plan-
tations and urbanizations on coastal dunes during the last 
decades have produced an important reduction and fragmen-
tation of the habitat of this species (Kittlein et al. 2004).

In order to design measures that aim to preserve the sand 
dune tuco-tuco populations and their habitat, it is necessary 
to study how the loss and/or fragmentation of its habitat 
affect their population structure. Particularly, Mora et al. 
(2010) using microsatellite loci showed moderate genetic 
structure among different C. australis subpopulations asso-
ciated to a surprisingly fine geographical scale (lesser than 
4 km) on a fragmented sand dune landscape, suggesting that 
minor discontinuities might limit the dispersal patterns in 

this species. In this context, we use multilocus genotype data 
based on microsatellite loci and several Bayesian approaches 
to characterize the population structure and migration pat-
terns of this species on a spatial scale that covers its entire 
distribution range. We also analyze the effect of different 
environmental variables on the degree of genetic structuring 
of this endemic species. Thus, this approach provides sig-
nificant results clarifying the relative importance of natural 
and anthropic barriers, distances among populations and the 
effect of some landscape variables on the current patterns of 
gene flow in this coastal endangered species.

Materials and methods

Study area and sampling design

Sampling was conducted in a sand dune habitat along the 
south-eastern Atlantic coast, between the localities of Nec-
ochea and Pehuen-Có, Buenos Aires province, Argentina 
(Fig. 1). Due to the difficulties associated with access to 
sampling sites during the rainy seasons, the study area is 
not accessible throughout the year. Because of this, and the 
large geographical extent in which the study was conducted, 
sampling was carried out during a four-year period, from 
April 2013 to April 2017. Previous researches show that 
this subterranean rodent species can live at least four years, 
having a longer generation time relative to other non-cavio-
morph rodents. To reduce the overlap in generation times, a 
sampling period no longer than the generational time of the 
species was considered using adult individuals of both sexes.

The sand dune habitat had a width that can vary between 
200 m and 8 km (Zenuto and Busch 1998), and present 
scarce vegetation composed mainly of natural grassland 
(Zenuto and Busch 1995, 1998). A more detailed descrip-
tion can be found in Celsi and Monserrat (2008).

A total of 194 individuals of C. australis were captured 
in 13 sampling sites throughout the entire distribution area, 
with an average of 15 individuals per locality. We obtained 
tissue samples (toe snips for subsequent DNA extraction and 
genetic analyses) from the captured individuals, which were 
live trapped using Oneida Victor N °0 snap traps (Oneida 
Victor, Inc., Ltd., Eastlake, OH, USA), with a rubber cover 
to avoid injuring animals (experience indicates that this 
procedure neither affects survival nor digging performance 
of individuals; see Mora et al. 2006, 2010, 2016). Position 
of captures was determined using GPS. After collection of 
tissue samples for genetic analyses, animals were immedi-
ately released within the same burrow system where they 
had been captured. The handling of the individuals was car-
ried out taking into account the guidelines of the “American 
Society of Mammalogists (Animal Care and Use Committee 
2016)”.
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DNA extraction and microsatellite amplification

Total DNA extractions were performed following Mora 
et al. (2006) and deposited in freezers at − 20 °C. Genetic 
analyses were accomplished using 13 polymorphic micro-
satellite loci, developed for Ctenomys haigi (HAI2, HAI4, 
HAI5, HAI9, HAI10; Lacey et al. 1999), Ctenomys socia-
bilis (SOC1, SOC2, SOC3, SOC5, SOC6, SOC8; Lacey 
2001), and Ctenomys torquatus (TOR5, TOR9; Roratto et al. 
2011). PCR amplifications were performed separately for 
each microsatellite, using either fluorescently labeled prim-
ers (SOC1, SOC2, SOC5, SOC6, SOC8, HAI9 and HAI10), 
or unlabeled M13 primers (SOC3, HAI2, HAI4, HAI5, 
TOR5 and TOR9). For the former, amplification was car-
ried out in a final volume of 10 µl containing 1 × Taq buffer 
(750 mm Tris–HCl, 200 mM (NH4)2SO4, 0.1% (v/v) Tween 
20), 2.5 mM MgCl2, 0.6 mM dNTPs, 3 pmol of each primer, 
0.45 units of DNA Taq polymerase (Fermentas) and 1 μl of 
extracted DNA. For the M13 primers, amplifications were 
carried out in a reaction volume of 10 µl containing 1 × Taq 
buffer (750 mm Tris–HCl, 200 mM (NH4)2SO4, 0.1% (v/v) 
Tween 20), 2.5 mM MgCl2, 0.6 mM dNTPs, 0.167 pmol of 
forward primer, 3 pmol of reverse primer, 6 pmol of fluo-
rescent M13 primer, 0.16 μg/μl of BSA, 0.45 units of DNA 
Taq polymerase (Fermentas) and 1 μl of extracted DNA. 
PCR programs comprised an initial denaturation at 94 °C 
for 5 min, followed by 30 cycles of 30 s at 94 °C, 30 s at 
54 °C (for SOC1, SOC2, HAI9, TOR5 and HAI10), 56ºC 
(for SOC8) or 58ºC (for HAI4, TOR9, HAI5, SOC5, SOC6, 
SOC3 and HAI2), and 30 s at 72 °C. The final extension 
was performed at 72 °C for five min. Negative controls were 
included in all PCRs. Reactions were carried out for each 

locus separately. Final PCR products were analyzed with a 
capillary sequencer ABI3100 (MACROGEN, Inc., Korea). 
Different combinations of multiplexes, relative sizes of frag-
ments and the number of dye labels are shown in Online 
Resource 1. The fragments were scored with the program 
GENEIOUS 6.0.6 (Kearse et al. 2012).

Statistical analyses

Genetic diversity and population structure

Genetic diversity was measured as the number of alleles per 
locus (At) and per sampling site (Ni), observed (Ho) and 
expected (He) heterozygosity (Nei 1978), using ARLEQUIN 
3.1 (Excoffier et al. 2005). Analysis of linkage disequilib-
rium between pairs of loci and deviations from Hardy–Wein-
berg equilibrium were tested using ARLEQUIN 3.1. We 
used 10,000 dememorization steps and 100,000 iterations 
for the Markov chain implemented by the method of Guo 
and Thompson (1992), setting an alpha of 0.01 and correct-
ing it by Bonferroni method.

It was also essential to evaluate the presence of null 
alleles, which arise when mutations in the binding site of 
the targeted DNA sequence prevent the efficient annealing 
of at least one primer, resulting in failure of amplification 
during the PCR reaction. This can cause that samples in the 
homozygous state do not produce amplification at all, and in 
the heterozygous state, appear as a homozygous individual 
for a particular locus (Rico et al. 2017).We used Cervus 3.0 
(Kalinowski et al. 2007) to evaluate the presence of null 
alleles with all sampling localities pooled together, taking 

Fig. 1   Southern Barrier (black polygon) along the distribution range 
of C. australis in the coast on Buenos Aires province, Argentina. The 
triangles denote the 13 sampling sites on the coastal dunes and the 
white arrow denote the location of main urbanizations. PCO: Pehuen-
Có (39°0′ S, 61°36′ W); MHO: Monte Hermoso (38°59′ S, 61°18′ 
W); SG: Balneario Sauce Grande (38°59′ S, 61°10′ W); LGS: Los 
Gauchos Stream (38°58′ S, 60°54′ W); LCL: Los Carpinchos Lagoon 

(38°56′ S, 60°41′ W); QSR: Quequén Salado River (38°54′ S, 60°31′ 
W); RET: Balneario Reta (38°53′ S, 60°19′ W); DUN: Dunamar 
(38°52′S, 60°08′W); CLA: Claromecó (38°51′ S, 59°59′ W); SCA: 
Balneario San Cayetano (38°43′ S, 59°26′ W); LAng: Balneario Los 
Ángeles (38°40′ S, 59°00′ W); NC2: Necochea, Punta Negra (38°37′ 
S, 58°50′ W); NC1: Necochea, Puerto (38°34′ S, 58°42′ W)
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into account a threshold of 0.1, frequency above which the 
presence of null allele was considered.

We performed a phylogenetic reconstruction using the 
genetic distances proposed by Bruvo et al. (2004), which 
are based on the stepwise mutation model that includes 
allelic repeat score, allowing us to cross-check these results 
with those performed in STRU​CTU​RE assuming a model 
of admixture with correlated allele frequencies in our data. 
This phylogenetic reconstruction was obtained using the 
package “poppr” in R (Kamvar et al. 2014).

We employed the Slatkin (1995) estimator of pairwise 
RST between sampling sites using ARLEQUIN 3.1. This 
parameter assumes a stepwise mutation model and con-
siders both the size and frequencies of the alleles in each 
population, proving that it performs well for small samples 
(Slatkin 1995). Additionally, we used the hierarchical Bayes-
ian method of Foll and Gaggiotti (2006), as implemented 
in GESTE 2.0, to estimate population specific FSTs. This 
method estimates individual FST values for each local popu-
lation (in our case the individual sampling sites) using the 
approach first proposed by Balding and Nichols (1995). The 
values, estimated for each population individually, represent 
the genetic differences that exist between a local population 
relative to all the other sampling locations. We performed 
10 pilot runs of 5 × 103 iterations to obtain the parameters 
of the proposed distributions used by the Monte Carlo 
Markov Chain (MCMC). We also ran an additional burn 
in of 2.5 × 104 iterations, and estimates of FST local values 
using 2 × 107 additional iterations with a thinning interval of 
50. Two independent runs with identical setting values were 
performed to check for consistency of the estimates.

In order to infer the partitioning of genetic variance 
within and among populations, different Analyses of 
Molecular Variance (AMOVAs) were performed using 
ARLEQUIN 3.1 considering (1) the 13 sampling sites as 
independent units, and (2) taking into account the most 
important natural and anthropogenic barriers to gene flow, 
forming eight different groupings: (1) Two regions limited 
by the Quequén Salado River, (2) three regions limited by 
the Quequén Salado River and the Sauce Grande Stream, (3) 
three regions limited by the Quequén Salado River and the 
Cristiano Muerto Stream, (4) three regions limited by the 
Quequén Salado River and the Claromecó Stream, (5) four 
regions limited by the Quequén Salado River, Sauce Grande 
Stream and Cristiano Muerto Stream, (6) five regions lim-
ited by the Quequén Salado River, Sauce Grande Stream, 
Cristiano Muerto Stream and Claromecó Stream, (7) seven 
regions limited by the Quequén Salado River, Sauce Grande 
Stream, Cristiano Muerto Stream, Claromecó Stream and 
urbanizations (Necochea, Claromecó and Monte Hermoso), 
and (8) eight regions limited by the Quequén Salado River, 
Sauce Grande Stream, Cristiano Muerto Stream, Claromecó 
Stream, Los Gauchos Stream delta and urbanizations 

(Necochea, Claromecó and Monte Hermoso) (see Fig. 1 for 
the location of rivers, streams and localities).

We used STRU​CTU​RE 2.3.4 (Pritchard et al. 2000) to 
estimate the number of genetic clusters and assign indi-
viduals to them. The program uses a MCMC procedure 
to estimate the posterior probability that the data fit to the 
hypothesis of K clusters. At the same time, the program 
also calculates the fractional membership of each individual 
to each cluster (Q). We set the number of K between one 
and 15 using the admixture model with correlated allele 
frequencies, as suggested by the software developers for 
closely related populations (Falush et al. 2003). We con-
ducted five independent runs for each K value. Preliminary 
runs showed that convergence was achieved after 1.5 × 105 
iterations. We thus used this as burn-in and based the estima-
tions on 1.5 × 105 additional iterations. Selection of the most 
likely number of K was based on the methods of Pritchard 
and Wen (2003) and the method proposed by Evanno et al. 
(2005). We considered a threshold of 0.7 in the proportion 
of membership of each individual to the different clusters 
(Q) when assigning individuals to clusters. Individuals that 
had a Q below this value were subjected to the exclusion 
test implemented in GENECLASS (Cornuet et al. 1999) to 
determine if they could have originated from unsampled 
populations. For this purpose we used the Bayesian method 
reported by Rannala and Mountain (1997) and the simula-
tion algorithm described by Paetkau et al. (2004), both of 
them implemented in GENECLASS. As suggested by Paet-
kau et al. (2004), we used an exclusion threshold of 0.01.

Also, we evaluated the demographic history in each 
sampling site using 2MOD program (Ciofi et al. 1999). 
The probability that two alleles are identical by descent is 
described from the frequency distribution of the F values, 
which can be interpreted as a relative measure of the effect 
of genetic drift and dispersion on the individual locations 
(Ciofi et al. 1999). We ran the MCMC simulation for 1 × 106 
iterations, and obtained the posterior distributions of F dis-
carding the initial 10% of data as burn-in. The consistency of 
estimates was checked using two independents runs.

Finally, we assessed the relationship between the popula-
tion structure (local FST) and different environmental vari-
ables related to the geographic position and environmental 
connectivity of sampling sites using a generalized linear 
model (GLM) implemented in GESTE 2.0 (Foll and Gag-
giotti 2006). Posterior probabilities associated with each 
environmental factor, estimated from the number of times 
the algorithm visited each model, identify those factors 
that most influence the genetic structure. We analyzed the 
potential effects of 10 environmental factors on the genetic 
structure of C. australis. Two of these factors describe the 
localization of the sampling sites. The -Geographic Longi-
tude- in UTM coordinates was included among these fac-
tors. Given the linear distribution of this species on coastal 
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dunes, we included a factor that controls the effect of the 
geographical position of sampling sites. Thus, for each 
sampling site we calculated the -Average distance to other 
sampling sites-. To characterize the landscape features 
surrounding sampling sites we used a set of eight environ-
mental variables derived from a potential habitat modeling 
obtained with the MAXENT 3.4.1 program (Phillips et al. 
2006). The details of MAXENT setting and the environ-
mental variables implemented for modeling are descript in 
Online Resource 2. Besides, from an artificial surface area 
of 20 km long by eight km wide (total width of the bar-
rier dunes), we evaluated the following variables: -Optimal 
habitat area (ha)-, -Suboptimal habitat area (ha)-, -Average 
size of optimal habitat patch (ha)-, -Standard deviation of 
optimal habitat patch size (ha)-, -Number of optimal habitat 
patches-, -Euclidean distance to the nearest neighbor (m)-, 
and -Connectivity among optimal habitat patches (%)-. We 
used the FRAGSTATS 4.2.1 program (McGarigal et al. 
2012) to obtain these variables. Connectivity, according to 
McGarigal et al. (2002), represents the number of functional 
joins between the patches corresponding to the same type of 
habitat, where each pair of patches is connected according 
to a specific distance criterion.

Here cijk represents the joining between patch j and k 
(0 = unjoined, 1 = joined) of the corresponding patch type 
(i), based on a user specified threshold distance, and ni is 
the number of patches in the landscape of the correspond-
ing patch type (i). We used a distance value of 400 m, which 
corresponds to the average dispersion distance proposed for 
a rodent with similar body size to C. australis (Sutherland 
et al. 2000). Finally, we included the variable—Width of 
the Southern Barrier-, which was measured as the euclidean 
distance between the transverse limits of the dunes barrier 
corresponding to each sampling site.

GESTE runs were performed using the same settings as 
those for local FST estimation. A Pearson correlation was 
used to evaluate the association between locals FSTs and the 
values of significant environmental factors.

Isolation by distance pattern

We performed Mantel test (Mantel 1967) between pairwise 
estimates of RST and linear geographic distances among pop-
ulations to check for the possibility of isolation by distance 
(IBD, Slatkin 1993). For this analysis, we have considered 
the results of Structure and Bayesass to define populations. 
IBD pattern is expected in this species due to its limited 
dispersal ability and its linear distribution on the sand dune 
habitat (Wlasiuk et al. 2003; Mapelli et al. 2012; Mora et al. 

CONNEC =

�∑n

j=k
Cijk

ni(ni−1)

2

�

(100)

2006, 2016). Additionally, we evaluated if our data fits to a 
model of equilibrium between gene flow and local genetic 
drift (necessary for the establishment of an IBD pattern) 
using 2MOD program, which calculates the relative like-
lihoods of two models of population structure, pure drift 
vs. migration-drift equilibrium. A model of genetic drift is 
expected when the allele frequencies in each locality are the 
result of random changes, with no migration between popu-
lations. On the other hand, when a migration drift-equilib-
rium context is observed, population allele frequencies are 
the result of a balance between gene flow and local genetic 
drift. The 2MOD uses an MCMC procedure to compare the 
likelihoods under these two scenarios and obtain the rela-
tive probabilities of the data fitting each model. The MCMC 
simulation was run for 1 × 106 iterations, and discarding the 
initial 10% of data as burn-in. The consistency of estimates 
was checked using two independents runs.

Historical and contemporary migration rates

To estimate the short-term patterns of gene flow (the last 
three-five generations) we used BAYESASS 3.0 (Wilson and 
Rannala 2003). This program, based on a Bayesian MCMC 
approach, uses a genetic assignment method and does not 
make assumptions of genetic balance to estimate recent 
migration rates, making it more appropriate to estimate 
dispersal rates in the short-term (Paetkau et al. 2004). The 
migration rate m(i,j) represents the fraction of individuals 
in population i that are migrants derived from population 
j (per generation); it assumes that a part of an individual’s 
alleles originates through a single migrant ancestor that 
reached the current (or past) generation (Wilson and Rannala 
2003). This method assumes that migration rates between 
populations may be asymmetric, but they are constant for 
short periods of time (few generations), and also that migra-
tion rates are small (Wilson and Rannala 2003). Although 
BAYESASS assumes linkage equilibrium between different 
loci, it allows deviations in the Hardy–Weinberg proportions 
when introducing an additional inbreeding parameter (F). 
We ran a total of 20 million MCMC iterations, discarding 
the first 5 million as burn-in, and sampled the chain every 
1000 iterations. Various delta values for migration rates (m), 
allele frequencies (P), and inbreeding values (F) were used, 
and the chains were assessed for convergence by performing 
multiple runs with different initial random seeds. When we 
obtained the acceptance rates recommended by the authors 
of the program (between 20 and 40%), we performed five 
runs (each with different seed values) with the same set-
ting as the one made previously. Then, we evaluated the 
convergence for each run with TRACER 1.6.0 (Rambaut 
et al. 2014) and selected the run with the lowest Bayesian 
deviance [see Spiegelhalter et al. (2002) and Faubet et al. 
(2007) for more details].
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To estimate the long-term patterns of gene flow we used 
MIGRATE 3.6.11 (Beerli and Felsenstein 2001; Beerli 
2006). This program uses coalescent theory and MCMC 
techniques to estimate two parameters from the microsatel-
lite data, θ and M, where θ represents an estimator of the 
effective population size (4Neµ, for nuclear DNA) and M 
represents the mutation-scaled immigration rate (m/µ). This 
coalescent-based approach is most suitable for estimating 
migration rates over thousands of years or approximately 
4Ne generations in the past (Beerli 2008). Due to the lin-
ear distribution of this species in the Southeast of Buenos 
Aires province and the low dispersion rates expected for 
subterranean rodents, we analyzed a stepping-stone model 
of migration, where M were estimated only for those neigh-
boring sampling sites. The data were assumed to follow a 
Brownian motion mutation model. Following the recom-
mendations of the author of MIGRATE 3.6.11 (Peter Beerli 
comm. pers.), we did initial runs on our data using FST to 
find the start parameters, and the results of these runs were 
used as start parameters for subsequent runs. Distributions 
were estimated with the Bayesian method, specifying five 
replicates, with four-chain heating at temperatures of 1, 1.5, 
3 and 10,000 to increase the efficiency of the MCMC, a sam-
pling increment of 100, 5,000 recorded steps, and a burn-in 
of 100,000. Because parameter estimates from the final run 
were similar to the results from the shorter runs, we assumed 
that the final run had converged (Chiucchi and Gibbs 2010). 
To compare estimates from MIGRATE and BAYESASS, we 
converted the estimates for M from MIGRATE to propor-
tion of migrants (m) for populations by the formula m = M µ, 
where µ = 5 × 10–4 (a common microsatellite substitution rate 
assume from vertebrates; see Waples and Do 2010). Finally, 
we performed a Pearson correlation test for checking a likely 
association between contemporary (BAYEASS) and most 
historical (MIGRATE) values of m.

Additionally, for those individuals with values of Q lower 
than 0.7 we evaluated the probability of them being first 
generation migrants from a population close to the sites 
where they were sampled. Analyses of “First Generation 
Migrants” were carried out using two different programs. 
First, we used GENECLASS employing the frequency-based 
method reported by Paetkau et al. (1995) and the simulation 
algorithm described by Rannala and Mountain (1997). This 
method calculates a percentage of probability of the popu-
lation where the individual was sampled over the highest 
probability value among all sampled populations, including 
the population where the individual was sampled (Paetkau 
et al. 2004). We determined probability values simulating 
10,000 individuals and using an exclusion threshold of 0.01 
(Paetkau et al. 2004). Second, we used BAYESASS (Wilson 
and Rannala 2003) that employs a non-equilibrium Bayesian 
method, and obtained the posterior probabilities of migrant 
ancestry for each individual. We ran a total of 2 × 107 

MCMC iterations, discarding the first 5 × 106 iterations as 
burn-in and sampled the chain every 1000 generations.

Results

Null alleles, Hardy–Weinberg equilibrium, linkage 
disequilibrium and genetic diversity

All loci showed significant frequencies of null alleles at a 
cut-off level greater than 0.1 when sampling localities were 
pooled together. As suggested by Rico et al. (2017), the high 
frequencies of null alleles observed in several studies of dif-
ferent vertebrates and invertebrates do not appear to have 
a significant effect in the estimates of population genetic 
parameters commonly assessed from microsatellite loci. 
However, it should be noted that the values considered in 
this study were at the limit of this cut-off level. The high 
probability of having null alleles in the complete sample 
may be due to the inbred genetic structure present in whole 
populations and not due to a systematic non-amplification of 
alleles (Kalinowski et al. 2007; Rico et al. 2017). Mora et al. 
(2010) working at small spatial scale studying C. australis 
showed lower levels of polymorphism in the same loci than 
those performed here, but with lower probabilities of pres-
ence of null alleles. In this study, level of polymorphism 
obtained for most loci was similar compared to other stud-
ies in different Ctenomys species (e.g. Wlasiuk et al. 2003). 
Based on this evidence, none of them were discarded in sub-
sequent analyses.

No paired comparison between loci showed linkage dis-
equilibrium, suggesting that the 13 loci present independent 
inheritance. Only 20 cases of a total of 169, product of the 
comparisons between 13 loci and 13 sampling sites, showed 
significant deviations from Hardy–Weinberg equilibrium: 
SOC2 in NC1, NC2, CLA and DUN, SOC6 in NC1, NC2, 
SCA, DUN, QSR and LCL, SOC5 in LAng and QSR, HAI4 
in NC2, SCA, QSR and PCO, TOR9 in LAng, and HAI5 in 
NC2, LCL and LGS (Online Resource 3; abbreviations of 
the sampling sites are shown in Fig. 1). All these deviations 
were caused by an excess of homozygotes.

Genetic diversity parameters for each sampling site are 
shown in Online Resource 3. The allelic frequencies of 
microsatellites are shown in Online Resource 4. The loci 
used in this study showed a total number of alleles per locus 
between four (TOR 9) and 14 (HAI4) (Online Resource 3), 
while the average per locus was 8.77 alleles. In general, our 
results showed moderate levels of polymorphism for all 
loci analyzed. All sampling sites had at least 11 polymor-
phic loci. Allele richness increased, in general, towards the 
Southwest of the speciesʼs distribution; NC1 and CLA pre-
sented the lowest levels (1.77 and 2.08, respectively), while 
LGS and MHO presented the highest levels (3.44 and 3.42, 
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respectively). The allelic richness by locality for all loci and 
the mean allelic richness by locality are shown in Fig. S1 
(Supplementary Material).

Population structure

The results obtained with STRU​CTU​RE (Fig. 2b), where the 
eleven genetic units were the most likely level of clustering 

from 13 original sampling sites, are in according to those 
observed from phylogenetic reconstruction using the Bruvo 
genetic distances (Bruvo et al. 2004), that clearly showed 
also eleven genetic clusters from the total sampling sites, 
with NC1-NC2 and QSR-LCL as unique clusters (Fig. S2).

Most RST comparisons showed significant differences, 
except for the neighbors pair QSR/LCL with a 15 km dis-
tance between them (Table 1). RST values ranged from 0.04 

Fig. 2   Assignment probabilities 
(Q) to different genetic clusters 
identified by STRU​CTU​RE 
considering both hypothesis of 
K, K = 2 (a), and K = 11 (b). 
Each individual is represented 
by a vertical bar and each sam-
pling site is labeled as in Fig. 1 
separated by black lines

Table 1   Pairwise RST estimates (Slatkin 1995) from microsatellite loci showing the genetic differentiation in C. australis amongst sampling sites

Local FST estimates (right column) between each sampling site are also given
Values in parenthesis correspond to the 95% highest posterior probability interval (HPDI). Abbreviations for sampling sites are defined in Fig. 1. 
*P < 0.001

NC1 NC2 LAng SCA CLA DUN RET QSR LCL LGS SG MHO PCO Local FST

NC1 – 0.64 (0.519–0.763)
NC2 0.16* – 0.47 (0.365–0.577)
LAng 0.36* 0.29* – 0.47 (0.361–0.589)
SCA 0.27* 0.31* 0.15* – 0.40 (0.292–0.501)
CLA 0.79* 0.76* 0.72* 0.62* – 0.55 (0.440–0.671)
DUN 0.29* 0.21* 0.27* 0.23* 0.48* – 0.39 (0.292–0.490)
RET 0.39* 0.27* 0.33* 0.28* 0.68* 0.13* – 0.39 (0.288–0.493)
QSR 0.39* 0.36* 0.37* 0.22* 0.50* 0.17* 0.15* – 0.25 (0.178–0.334)
LCL 0.41* 0.37* 0.40* 0.26* 0.48* 0.18* 0.16* 0.04 – 0.21 (0.143–0.285)
LGS 0.49* 0.50* 0.46* 0.33* 0.50* 0.33* 0.36* 0.15* 0.21* – 0.22 (0.151–0.290)
SG 0.52* 0.56* 0.51* 0.45* 0.52* 0.41* 0.47* 0.39* 0.37* 0.31* – 0.27 (0.185–0.348)
MHO 0.50* 0.54* 0.45* 0.36* 0.46* 0.35* 0.39* 0.28* 0.25* 0.14* 0.17* – 0.22 (0.146–0.298)
PCO 0.50* 0.54* 0.41* 0.34* 0.43* 0.41* 0.44* 0.31* 0.34* 0.15* 0.31* 0.16* – 0.28 (0.204–0.360)
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(between QSR and LCL) to 0.79 (between NC1 and CLA). 
NC1/CLA and NC2/CLA were the most differentiated 

populations, while QSR/LCL and DUN/RET pairs presented 
the lowest population differentiation.

Local FST values estimated with GESTE are shown in 
Fig. 3. Northeast populations in the distribution range of 
the species (from NC1 to RET) showed the highest local FST 
values, suggesting a greater degree of isolation relative to 
the southern localities (from QSR to PCO), which presented 
lower values and similar among them (Table 1).

When all sampling sites were considered without any 
level of population subdivision, the AMOVA showed high 
differentiation among different sampling sites (ΦST = 0.38, 
p < 0.001; Table  2). AMOVAs performed for localities 
assembled into groups separated by different types of natu-
ral and anthropic barriers also show different significant 
apportionments of the genetic variance among regional 
group. When the sampling sites were assembled into eight 
groups (considering the most important rivers, streams and 
the larger urbanizations), the population differentiation was 
almost as high as the particular case in which the barriers 
were not considered (ΦCT = 0.29, P < 0.001, Table 2). This 
situation suggests that 29% of the population divergence 
(those differences that do not take into account popula-
tions into groups) is explained by barriers such as rivers 
and urbanizations. In fact, the differences between popu-
lations in different regions are responsible for practically 
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Fig. 3   Local FST values (black line) and their corresponding 95% 
confidence interval calculated with GESTE (Foll and Gaggiotti 2006) 
are shown. The dotted line in the figure indicates the presence of the 
Quequén Salado River

Table 2   Hierarchical analysis of molecular variance (AMOVA) using the sum of squares differences of RST inferences for microsatellite data 
(Slatkin 1995)

The respective levels of subdivision are shown in brackets. Abbreviations for sampling sites are defined in Fig. 1

Resource of variation Level of subdivision ΦCT P ΦST P

Two regions limited by the Quequén Salado River [NC1-NC2-LAng-SCA-CLA-DUN-RET][QSR-LCL-
LGS-SG-MHO-PCO]

0.15  < 0.01 0.42  < 0.001

Three regions limited by the Quequén Salado River 
and the Sauce Grande Stream

[NC1-NC2-LAng-SCA-CLA-DUN-RET][QSR-LCL-
LGS] [SG-MHO-PCO]

0.20  < 0.001 0.42  < 0.001

Three regions limited by the Quequén Salado River 
and the Cristiano Muerto Stream

[NC1-NC2-LAng-SCA] [CLA-DUN-RET][QSR-
LCL-LGS-SG-MHO-PCO]

0.15  < 0.01 0.41  < 0.001

Three regions limited by the Quequén Salado River 
and the Claromecó Stream

[NC1-NC2-LAng-SCA-CLA][DUN-RET][QSR-LCL-
LGS-SG-MHO-PCO]

0.11  < 0.05 0.40  < 0.001

Four regions limited by the Quequén Salado River, 
Sauce Grande Stream and Cristiano Muerto Stream

[NC1-NC2-LAng-SCA]
[CLA-DUN-RET][QSR-LCL-LGS] [SG-MHO-PCO]

0.20  < 0.001 0.40  < 0.001

Five regions limited by the Quequén Salado River, 
Sauce Grande Stream, Cristiano Muerto Stream and 
Claromecó Stream

[NC1-NC2-LAng-SCA]
[CLA] [DUN-RET][QSR-LCL-LGS] [SG-MHO-

PCO]

0.25  < 0.001 0.40  < 0.001

Seven regions limited by the Quequén Salado River, 
Sauce Grande Stream, Cristiano Muerto Stream, 
Claromecó Stream and urbanizations (Necochea, 
Claromecó and Monte Hermoso)

[NC1] [NC2-LAng-SCA] [CLA] [DUN-RET][QSR-
LCL-LGS] [SG] [MHO-PCO]

0.27  < 0.001 0.40  < 0.001

Eight regions limited by the Quequén Salado River, 
Sauce Grande Stream, Cristiano Muerto Stream, 
Claromecó Stream, Los Gauchos Stream delta and 
urbanizations (Necochea, Claromecó and Monte 
Hermoso)

[NC1] [NC2-LAng-SCA] [CLA] [DUN-RET][QSR-
LCL] [LGS] [SG] [MHO-PCO]

0.29  < 0.001 0.39  < 0.001

No clustering of sampling sites into groups [NC1] [NC2] [LAng] [SCA] [CLA] [ DUN] [RET] 
[QSR] [LCL] [LGS] [SG] [MHO] [PCO]

0.38  < 0.001
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all the differentiation between populations. In addition, the 
Quequén Salado River seems to explain at least the 15% 
of total inter population variation. In conjunction with the 
RST comparisons, differentiation among sampling sites was 
related in some extend to a regional pattern, whereby the 
historical effect of different barriers (natural and anthropic) 
cannot be ruled out.

The Bayesian analysis using STRU​CTU​RE identified a 
strong substructure among all the sampling sites; the loga-
rithm of the data probability [LnP(D)] as a function of K 
reached a peak for K = 11 (Fig. S3a), although the highest 
Δk value using the Evanno method was obtained for K = 2 
(Fig. S3b). For K = 2 and K = 11, all runs produced identical 
clustering solutions with similar values of cluster member-
ship (Q) for all individuals. STRU​CTU​RE results revealed 
for both clustering solutions a strong population structure: 
100% and 93.3% of individuals for K = 2 and K = 11, respec-
tively, were assigned to the locality in which were sampled. 
Thus, we considered these two possible levels of clustering 
as the most likely scenarios of population subdivision. Under 
the hypothesis of K = 2, two clusters were defined by the 
populations of the Northeast and Southwest, which could 
indicate an important differentiation on both sides of Que-
quén Salado River (Fig. 2a). For K = 11, almost all sampling 
sites constituted independent genetic clusters, except for the 
pairs of neighboring localities NC1-NC2 and LCL-QSR 
(Fig. 2b). This result is also strongly supported by obtained 
from analyses such as pairwise RST estimates and migration 
rates. It must be highlighted that NC1 and NC2 (distanced 
at 12.5 km) at the Northeast end of the distribution range of 
the species, possibly maintain important levels of historical 
gene flow. It seems that LCL and QSR (distanced by 13 km) 
also maintained high levels of admixed constituting a unique 
cluster (Fig. 2b).

There were 13 individuals that could not be assigned to 
any genetic cluster using the threshold value of Q > 0.7; 
two of these were from LCL, two from LGS and nine from 
MHO. These 13 individuals did not belong to any of the 
11 clusters according to GENECLASS exclusion test, and 
consequently were considered as immigrants that came from 
unsampled populations.

Frequency distribution of F values at the Northeast of the 
barrier (from NC1 to RET) presented higher mean values 
than Southwestern localities (from QSR to PCO) (Fig. S4). 
These results indicate that northeastern sampling sites have 
had a stronger effect of genetic drift than southwestern sam-
pling sites. In agreement with the local FST values obtained 
with GESTE, the southwestern sampling sites showed the 
lowest mean values of F, denoting greater historical levels 
of gene flow among them.

The potential habitat obtained with MAXENT showed 
a very good performance (see Online Resource 5). From a 
generalized linear model (GLM) implemented in GESTE, 

we evaluated the association between the population struc-
ture (local FST) and factors that denote (1) the geographic 
position of the sampling sites and (2) descriptive variables 
of the landscape. The population structure of C. australis 
was better explained by models that considered the factors 
Geographic Longitude and Width of the Southern Barrier. 
The posterior probabilities of these factors were higher than 
the obtained by the null model (for more details about the 
result of this analysis see Online Resource 5).The values 
of the factors that had a significant effect on the population 
genetic structure are detailed in Online Resource 6.

The variables -Geographic Longitude- and -Width of 
the Southern Barrier- (G1 and G2 respectively, Online 
Resource 6) were significantly correlated with locals FSTs 
(G1: R = 0.83, P < 0.001; G2: R = − 0.83, P < 0.001, Fig. 4). 
These results indicate that the degree of population isolation 
depends, in part, on the geographical location of sampling 
sites: the northeastern populations presented the highest 
degree of population isolation (the highest FST values).

Isolation by distance pattern

According to the STRU​CTU​RE results, eleven genetic units 
from 13 original sampling sites were identified (Fig. 2b); 
BAYESASS results also support the hypothesis of eleven 
genetic units, showing a greater degree of gene flow between 
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the two pairs of sampling sites that STRU​CTU​RE recog-
nizes as populations (see below the BAYESASS results). 
Thus, the Mantel test was performed considering eleven 
populations (genetic units).

Mantel test showed a significant association between 
pairwise estimates of RST and linear geographic distances 
among populations (R = 0.47, P < 0.01; Fig. 5). This results 
shows that genetic differentiation in C. australis was consist-
ent with a simple IBD pattern, suggesting an equilibrium 
between genetic drift and gene flow. Results from 2MOD 
agreed with those of Mantel tests; the model that best fit-
ted to the data was that who considered an immigration-
drift equilibrium. These results supported a demographic 
framework in which populations have historically evolved 
in a drift-migration context, which discards the genetic drift 
model as the only factor involved.

Historical and contemporary migration rates

In general, recent estimates of gene flow obtained from 
BAYESASS were very low, showing a symmetric pattern 
between pairs of sampling sites. Gene flow estimates ranged 
from 0.009 to 0.213. Only one case registered a migration 
rate greater than 0.2 (suggested as a significant migration 
value by Bergek and Björklund 2007; see also Björklund 
et al. 2010) with a noticeable pattern of asymmetric gene 
flow. Such is the case of NC1 and NC2, with a higher pro-
portion of migrants per generation directed from NC1 to 
NC2 (m = 0.213). Two other cases showed lower values but 
relatively close to the threshold value 0.2; between LCL and 
QSR, where LCL was the sampling site that received the 
highest proportion of migrants from QSR (m = 0.175), and 
between MHO and LGS, where the MHO was the local-
ity who received the largest number of migrants from LGS 
(m = 0.093). The other migration rate pairwise comparisons 

between sampling sites were negligible (the values ranged 
from 0.009 to 0.02, Table 3).

Estimates of M obtained from MIGRATE also suggested 
little migration between the most sampling sites, and moder-
ate to high migration among fewer paired sites. Gene flow 
estimates ranged from 1.59 to 26.2 (Table 3). We calculate 
the number of migrants per generation (Nm) using the for-
mula Nm = (Mθ)/4. Many of these values were less than one 
indicating little historical migration between sampling sites; 
others showed higher values than one, indicating that hun-
dreds of years ago there was greater connectivity between 
them. One sampling site pair did exhibit the same pattern of 
asymmetric migration, historically and contemporary: NC1 
showed higher rate of migration into NC2 than vice versa. 
Another interesting case of asymmetric migration is CLA, 
a population that presented very low genetic diversity; this 
population showed a very low recruitment of migrants from 
neighboring populations (SCA and DUN), but it represents 
a source population for these same populations (Table 3). 
Results from Pearson correlation test were significant 
(P < 0.01, r = 0.58) indicating that the two matrices of con-
temporary and historical migration values are significantly 
correlated with each other.

Considering 13 individuals that were not assigned to any 
genetic cluster with STRU​CTU​RE, the First Generation 
Migrants analysis in GENECLASS (Table 4) only identi-
fied one individual of the 13 as a first generation migrant, 
while BAYESASS identified 11 of them. Even though the 
information on first generation migrants does not necessarily 
translate into dispersion distances traveled by these migrants 
in the same generation, the results support a certain degree 
of genetic movement in a very limited time span.

Discussion

Ctenomys australis showed a strong genetic structure in its 
entire distributional range, with low historical gene flow 
among different sampling sites (approximately 10–40 km 
of distance between them). A conjunction of some ele-
ments like geographic distances among populations and 
the most important barriers to gene flow seem to explain 
in some extend the genetic differentiation in this species. 
As was originally expected, rivers and streams seem to 
have been significant barriers on the landscape, limiting 
the movement of individuals among different popula-
tions. Also, we found that, except for the case of NC1 and 
NC2, the rest of the sampling sites in the Northeast of 
the species geographical range presented greater isolation 
among them relative to the populations of the Southeast 
area. In this context, an isolation by distance pattern was 
observed in this subterranean rodent, suggesting an equi-
librium between gene flow and genetic drift. There were 

Fig. 5   Relationship between pairwise geographical distances and 
genetic differentiation among populations measured by pairwise RST 
estimates are given
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also some environmental and cartographic variables that 
have influenced the population structure; geographic loca-
tion of the sampling sites (described by the Geographic 
Longitude) and the habitat availability (described by the 
Width of the Southern Barrier) have affected the pattern 
of population differentiation, documented in a clear trend 
SW/NE. In particular, habitat availability in this species 
is directly related to the thickness of the sand dune bar-
rier in the Southeast of Buenos Aires province (Mora and 
Mapelli 2010), which determines the connectivity among 
sampling sites and effective population sizes. It should be 
noted, the species distributional range on the Northeast of 
the Quequén Salado River is currently narrower than in 
the Southwest.

Subterranean rodents tend to have a strong genetic struc-
ture as a consequence of their low mobility and their frag-
mented distributions (Wlasiuk et al. 2003; Mora et al. 2006, 
2007; Mapelli et al. 2012; Mora et al. 2016). In C. australis, 
connectivity among populations is severed limited by its lin-
ear distribution on the coast, some important natural barriers 
and habitat fragmentation (Mora et al. 2006, 2010; Mora and 
Mapelli 2010).

Table 3   Estimates of historical and contemporary asymmetric migration rates between neighboring sampling sites of Ctenomys australis 

M historical mutation-scaled migration rate (m/µ); Nm historical number of migrants per generation (θM/4); MIGRATE m (M × 0.0005); BAYES-
ASS m contemporary migration rate

Parameter M Nm MIGRATE m 95% confidence interval BAYESASS m 95% confidence interval

NC2 → NC1 11.65 1.91 0.0058 0.0031–0.0084 0.0134 0.2663–0.1601
NC1 → NC2 26.20 4.30 0.0131 0.0087–0.0193 0.2132 0.0385–0.0117
LAng → NC2 11.31 1.86 0.0057 0.0029–0.0085 0.0101 0.0293–0.0091
NC2 → LAng 6.15 1.01 0.0031 0.0006–0.0055 0.0133 0.0386–0.0120
SCA → LAng 2.43 0.40 0.0012 0.0000–0.0032 0.0134 0.0387–0.0119
LAng → SCA 1.59 0.26 0.0008 0.0000–0.0025 0.0128 0.0365–0.0109
CLA → SCA 11.24 1.85 0.0056 0.0029–0.0083 0.0132 0.0381–0.0117
SCA → CLA 2.44 0.40 0.0012 0.0000–0.0029 0.0111 0.0321–0.0099
DUN → CLA 2.37 0.39 0.0012 0.0000–0.0029 0.0114 0.0330–0.0102
CLA → DUN 13.76 2.26 0.0069 0.0039–0.0098 0.0120 0.0345–0.0105
RET → DUN 12.86 2.11 0.0064 0.0029–0.0098 0.0215 0.0525–0.0095
DUN → RET 12.53 2.06 0.0063 0.0035–0.0090 0.0183 0.0502–0.0136
QSR → RET 1.99 0.33 0.0010 0.0000–0.0027 0.0119 0.0346–0.0108
RET → QSR 4.98 0.82 0.0025 0.0005–0.0045 0.0207 0.0538–0.0124
LCL → QSR 2.23 0.37 0.0011 0.0000–0.0029 0.0110 0.0320–0.0100
QSR → LCL 9.27 1.52 0.0046 0.0008–0.0092 0.1755 0.2392–0.1118
LGS → LCL 4.99 0.82 0.0025 0.0003–0.0045 0.0124 0.0357–0.0109
LCL → LGS 4.86 0.80 0.0024 0.0000–0.0050 0.0118 0.0339–0.0103
SG → LGS 3.34 0.55 0.0017 0.0000–0.0034 0.0123 0.0354–0.0108
LGS → SG 9.61 1.58 0.0048 0.0015–0.0080 0.0185 0.0532–0.0162
MH → SG 3.08 0.51 0.0015 0.0000–0.0033 0.0171 0.0502–0.0160
SG → MH 15.05 2.47 0.0075 0.0039–0.0115 0.0183 0.0520–0.0154
PCO → MH 8.10 1.33 0.0040 0.0006–0.0085 0.0183 0.0532–0.0166
MH → PCO 5.20 0.85 0.0026 0.0000–0.0053 0.0129 0.0376–0.0118

Table 4   First generation migrants detected by GENECLASS and 
BAYESASS, indicating the source and sink populations

For GENECLASS, only the P value that did not exceed the 0.01 
threshold suggested by Paetkau et al. (2004) are shown; for BAYES-
ASS, only the highest P values are shown, indicating the highest 
probability of being a first generation migrant from a given source 
population

Individual GENECLASS Source 
popula-
tion

BAYESASS Source 
popula-
tion

LCL no 128 P = 0 PCO P = 0.825 PCO
LCL no 136 – – P = 0.995 QSR
MHO no 166 – – P = 0.998 LGS
MHO no 167 – – P = 1 LGS
MHO no 168 – – P = 1 LGS
MHO no 169 – – P = 1 LGS
MHO no 170 – – P = 1 LGS
MHO no 171 – – P = 0.717 LGS
MHO no 172 – – P = 0.967 LGS
MHO no 173 – – P = 0.982 LGS
MHO no 174 – – P = 0.967 LGS
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Using allozyme loci, Apfelbaum et al. (1991) found high 
levels of homozygosity within populations of C. australis 
and an important genetic differentiation between sampling 
sites, suggesting that this species has shown high levels of 
population isolation and low effective population sizes. 
Additionally, Mora et al. (2010) using microsatellite loci 
observed significant genetic differentiation at lower spatial 
scales (< 4 km) on a small coastal portion of the C. aus-
tralis distribution. Despite the reduced scale in which this 
latter study was conducted, a pattern of genetic structuring 
was detected. These authors concluded that the landscape 
configuration (e.g. habitat availability) and its specific eco-
logical requirements of the habitat would have molded the 
genetic variation at this reduced spatial scale. In the current 
study we found that the genetic variability in C. australis, 
such as the mean number of alleles per locus, the number 
of alleles per population and levels of heterozygosity, was 
similar or slightly higher that reported in other species of 
tuco-tucos such as Ctenomys flamarioni (Fernandez-Stolz 
et al. 2007), Ctenomys rionegrensis (Wlasiuk et al. 2003), 
Ctenomys torquatus (Gonçalves and de Freitas 2009) and 
Ctenomys talarum (Cutrera et al. 2010). Considering these 
observations, the C. australis populations showed, in gen-
eral, acceptable levels of genetic diversity. Also, we found 
that the high levels of population subdivision coincide with 
those reported in other studies of Ctenomys.

Roratto et al. (2014) found high pairwise FST estimates 
between populations in C. torquatus, a species with a simi-
lar geographic extension that C. australis and restricted to 
lowlands of southern Brazil and northern Uruguay. Mapelli 
et al. (2012) assessed the genetic structure in Ctenomys 
porteousi on its narrow and non-linear distribution range 
in central Argentina (around 90 km), and found a strong 
population structure with pairwise FST estimates similar to 
those observed in C. australis. Fernández-Stolz et al. (2007) 
reported moderate to high population differentiation in a 
lower spatial scale (around 30 km) in C. flamarioni, a spe-
cies restricted to coastal sand dunes in southern Brazil, and 
like C. australis, exhibits a linear and continuous distribu-
tion over a fragmented landscape. Many of these examples in 
Ctenomys, with restricted, fragmented and relatively linear 
distributions, support the idea of a strong population struc-
ture even at very small spatial scales.

Additionally, we found in C. australis a different pattern 
of population structure in both sectors of the dune barrier. 
On one hand, the Northeast sampling sites showed a lower 
genetic diversity, with relatively lower mean values of allelic 
diversity and heterozygosity in comparison to populations 
from the southwestern side. Our results agree with those 
published by Apfelbaum et al. (1991) where the authors 
have reported low levels of genetic diversity in the Necochea 
locality, and a decreasing pattern of allelic diversity from 
West to East. Also, the frequency distributions of F values 

performed with 2MOD agree with the genetic pattern men-
tioned above, showing the lowest mean values on Southwest. 
These results denote greater connectivity between popula-
tions of this area and therefore, a lower degree of popu-
lation differentiation. The Northeast, however, showed the 
frequency distribution of F values mainly displaced to the 
right of the distributions, denoting poor historical connec-
tivity among populations and important local genetic drift, 
explaining the strong population differentiation observed in 
this area.

Genetic differentiation among C. australis populations 
was consistent with an IBD pattern, possibly evidencing 
equilibrium between gene flow and local genetic drift. Man-
tel test and 2MOD results supported this idea. Furthermore, 
major differentiation was observed without clustering sub-
populations into regions or major hierarchical units. Natural 
and anthropic barriers (e.g. rivers, streams and urbaniza-
tions) explained a high percentage of variation among popu-
lations, which shows that low dispersion rates and high habi-
tat specialization play a preponderant role in such population 
differentiation. The establishment of an IBD pattern would 
be favored by the linear and one-dimensional distribution of 
C. australis on the coast, since these populations will tend to 
reach the drift-migration equilibrium more quickly than in 
species with two-dimensional distributions (Slatkin 1993). 
Such as C. australis, several species of Ctenomys with rela-
tively linear distributions have reported an IBD pattern using 
microsatellite data (C. talarum, by Mora et al. 2007, 2013; 
C. flamarioni, by Fernández-Stolz et al. 2007; C. pearsoni, 
by Tomasco and Lessa 2007; C. minutus, by Lopes 2011; C. 
“chasiquensis”, by Mora et al. 2016). A narrow distribution, 
such as the one presented by these species, restricts their 
dispersal potential and gene flow in few potential directions, 
prioritizing the movement of individuals between neighbor-
ing populations.

The IBD pattern observed in this study differs from the 
previous results reported by Mora et al. (2006) using mito-
chondrial sequences. These latter authors proposed that 
the species would not have reached at equilibrium between 
migration and genetic drift (see also Wlasiuk et al. 2003), 
suggesting that C. australis has suffered a recent process of 
demographic expansion possibly associated with the cycles 
of the coastal dune formation during the Holocene. Differ-
ences in the molecular markers used in these studies, which 
have distinct mutation rates, may probably explain these 
contrasting results relative to the accumulation of polymor-
phisms in natural populations. Mitochondrial DNA is more 
used to infer historical gene flow, while microsatellite loci 
primarily estimate contemporary gene flow (Dionne et al. 
2008). In this context, different mutation rates for mitochon-
drial and microsatellite loci (associated with their accumula-
tion of new source of variation) can inflate or reduce gene 
flow estimates, having an impact on the IBD adjustment.
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Most of results of current study agree with eleven genetic 
units, where the most of the individuals were strongly 
assigned to their originally were sampled. AMOVAs par-
tially support the hypothesis of K = 2, since Quequén Salado 
River seems to explain at least the 15% of total inter popu-
lation variation. The hypothesis of K = 11 was supports by 
pairwise RSTs and genetic distance phylogenetic reconstruc-
tion, showing important genetic differentiation among sam-
pling sites. Moreover, BAYESASS supported low migration 
rates among sampling sites except for the pairs NC1-NC2 
and QSR-LCL suggesting the presence of several independ-
ent genetic clusters.

Several biological studies have discussed the difficulty of 
finding the most likely number of genetic clusters (K) from 
an arrangement of sampling units (see Meirmans 2015 for 
a detailed discussion of this topic). This author pointed out 
that the current genetic structures of species are complex 
due to the underlying demographic, environmental and his-
torical processes. Beyond the inferences of the most likely 
number of K genetic clusters using the Evanno method 
(Evanno et al. 2005), Meirmans (2015) observed that, due 
to the large uncertainty in the estimation of K, there are 
often few biological reasons to assume only a single value 
of K. This author emphasizes the idea that different solutions 
of K clusters might basically reflect different demographic 
processes and consequently justify our final interpretation 
of the data. Using human genetic data Kalinowski (2011) 
also suggest that STRU​CTU​RE does not reliably identify the 
main genetic clusters within species. This author identified 
some difficulties attributed to forcing STRU​CTU​RE to place 
individuals into too few clusters.

To sum up, Evanno et al. (2005) shows the uppermost 
clustering level, not necessarily the current number of sub-
populations. ∆K gives us an optimum of two genetic clusters 
for our data set, which means that most of the genetic dif-
ference is explained by the presence of two clusters, with 
the Quequén Salado River positioned as the most important 
historical barrier to gene flow. We observed that value of 
K = 11 was also very informative about the actual population 
structure. Bayesian analyses using STRU​CTU​RE clearly 
showed that most of the sampling sites behaved as inde-
pendent genetic units.

Another interesting question here is to what extend the 
population differentiation in C. australis could be explained 
by historical landscape features, such as natural barriers to 
dispersion, or due to more contemporary environmental fac-
tors. The local FST values were significantly correlated with 
two landscape factors: Geographic longitude and Width of 
the Southern Barrier. We found the lowest local FST values in 
the wider sand-dune area at the Southwest, while the highest 
ones were found to the Northeast, where the barrier width 
is narrower. Thus, factors related to the geographical posi-
tion of sampling sites and the habitat availability denotes 

important levels of isolation of populations. These variables 
are clearly associated with the availability of natural habi-
tat, which due to natural and anthropic factors is less com-
mon and more discontinuous to the Northeast of the barrier 
(Turno Orellano et al. 2003; Isla et al. 2009). In the South-
west portion on the coast, we found a greater availability of 
natural habitats, which are distributed more continuously 
and have greater natural stabilization since the last genera-
tion of coastal dune formation (1600–500 years; see Isla 
et al. 2001; Marcomini and López 2016). These particulari-
ties in the landscape have characterized the Southwest area 
of the barrier and possibly have allowed a more fluid histori-
cal dispersal than in the Northeast. Since the presence of C. 
australis depends strongly on the sand dune habitat avail-
ability (Mora et al. 2006; Mora and Mapelli 2010; Cutrera 
and Mora 2017), it is expected that demographic effect will 
be stronger on populations located in the Northeast. In fact, 
in several subterranean rodent species the population size is 
strongly correlated with the habitat availability (see Mapelli 
and Kittlein 2009, and Mapelli et al. 2012). It should be 
noted that other species of subterranean rodents distributed 
at similar spatial scales to C. australis, or even smaller, have 
also revealed the importance of landscape characteristics 
such as the habitat availability (Sato et al. 2014; Kierepka 
et al. 2016; Biello et al. 2018; Visser et al. 2018). Our results 
also agreed with those published by Galiano et al. (2014) 
in C. minutus (a species with a linear coastal geographic 
distribution of 300 km on the southeastern of Brazil) and 
Mora et al. (2017) in C. “chasiquensis” (with a distribution 
of 100 km in central Argentina) using microsatellite loci. 
These authors observed that those tuco-tucos distributed 
in areas with higher habitat availability were associated to 
greater genetic diversity. In summary, although the avail-
ability of suitable habitat, the geographic distances among 
sampling sites, and natural and anthropic barriers seem, in 
conjunction, to explain the population genetic structure in 
this species, it is difficult to evaluate independently the effec-
tive historical contribution of each of these processes.

Although most of the results indicated relatively low 
migration rates between sampling sites, some localities 
have maintained certain levels of gene flow among them. 
Phylogenetic reconstruction, pairwise RST values and the 
Bayesian clustering approach from STRU​CTU​RE are in 
according to show that some pairs of sampling sites (e.g. 
NC1-NC2 and QSR-LCL) behave as single populations. 
Both BAYESASS and MIGRATE also showed high pro-
portion of migrants per generation for these pairs of sam-
pling sites, being NC1-NC2 the only case that presented 
the highest historic and contemporary migration rate. In 
both cases (NC1-NC2 and QSR-LCL) an asymmetric gene 
flow was detected, with East–West directionality; this would 
indicate that both NC1 and QSR would potentially func-
tion as a source population of migrants, increasing their 
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conservation values relative to other populations. This is 
interesting, because NC1 has the highest local FST value as 
well as a low genetic diversity, further supporting the idea 
of an asymmetric gene flow with NC2, being NC1 the loca-
tion that gives migrants but does not receive. It should be 
noted that m from MIGRATE showed a moderate value for 
QSR-LCL (lower than the sampling pair NC1-NC2), but it 
is interesting that they are currently connected by moderate 
gene flow. The particular case of CLA also deserves to be 
highlighted, since this population showed moderate values 
of gene flow to its neighboring populations but with very 
little recruitment of migrants. This result is supported by 
high pairwise RST and local FST values, and by their lowest 
values of genetic diversity. This population is circumscribed 
by a river, a city (Claromecó) and some forestations that 
have probably impacted their levels of current gene flow, 
which has induced a high degree of population isolation. The 
result of a significant correlation between both estimates of 
m (BAYESASS and MIGRATE), could suggest that the high 
levels of structure currently observed in C. australis are not 
a direct consequence of the anthropic fragmentation of the 
dune barrier, but that the dispersion limited as a biological 
characteristic of this taxon, together with its linear distribu-
tion, could be the main responsible for such structuring (see 
also an exhaustive discussion in Mora et al. 2006).

As we saw in Table 4, the presence of some first genera-
tion migrants (belonging to MHO and LCL) arrived from 
non-neighboring populations; that is, the individuals with 
a Q value lower than 0.7, showed the highest probability 
of being first generation migrants from the mentioned pop-
ulations. For example, individual n°166 sampled in MH, 
showed the greatest probability of being a first generation 
migrant from LGS, and not from their neighboring loca-
tions such as SG or PCO. These results have an important 
implication for the conservation of this threatened species; 
the studies related to the directionality of gene flow, consid-
ering that migration in a generation has not always occurred 
between neighboring populations, provide valuable infor-
mation with respect to “genetic source-sink” dynamics in a 
set of populations, which is highly relevant to conservation 
efforts (Manier and Arnold 2005).

Conclusions

Ctenomys australis showed strong genetic structure over 
their entire distributional range. Our outcomes showed that 
most of sampling sites represent independent genetic units. 
Beyond the typical low dispersal capacity of subterranean 
rodents, natural and anthropic barriers, habitat availability 
and the linear distribution of the sand dune tuco-tuco have 
had, in conjunction, an important influence on its genetic 
structure. Also, the evolution of the sandy landscape on this 

barrier during the last 1600 years appears to have had a great 
impact on how populations are currently connected by gene 
flow. The association between population genetic structure 
and habitat availability was evidenced: northeastern popula-
tions of the barrier, where the habitat availability is lower, 
were most affected by the historical landscape features. 
However, the advance of urbanization and forestation on 
this coastal region in the last decades (Turno Orellano and 
Isla 2004) has strongly impact the habitat availability for this 
species in this region. Others analysis considering different 
landscape configurations and different spatial scales allow 
us to elucidate how these natural and anthropic factors has 
influenced the population differentiation in this species.
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