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Carlos P. Muñoz-Ramírez, Evelyn Habit, Peter J. Unmack, Jerald B. Johnson, and Pedro F. Victoriano 
(2016) Despite the fundamental importance of the family Diplomystidae for understanding catfish evolution, its 
species are poorly known and most of them endangered. Diplomystes camposensis, restricted to a single river 
basin in southern Chile, is perhaps the most vulnerable species due to its small geographic range and imminent 
habitat alterations by dam constructions. Using mitochondrial DNA sequences, we describe the genetic diversity 
across its entire distribution in the Valdivia basin and test hypotheses related to the impact of glacial cycles 
on the genetic diversity and structure. We found that Diplomystes camposensis has low genetic diversity and 
structure across the entire Valdivia basin along with a pattern of decreasing nucleotide and haplotype diversity 
from West to East. Demographic analyses showed evidence of population expansion in agreement with the 
glaciated history of the basin. Analyses of population structure showed no evidence of population subdivision. 
However, coalescent analyses indicated that very recent subdivision (in the last 50 years) cannot be ruled out. 
Low genetic diversity and genetic structure across the entire basin suggest that the species might be highly 
vulnerable to habitat fragmentation. Thus, the imminent construction of hydropower dams represents a serious 
threat to its conservation. Our results suggest that the low genetic diversity can be the product of the glaciated 
history of the basin, although the influence of species-specific biological traits may also add to this condition. 
Despite the overall low genetic diversity, higher diversity was found in the central portion of the basin suggesting 
high priority of conservation for this area as it might be used as a source population in case translocations are 
required among potential management plans.
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BACKGROUND

The family Diplomyst idae, endemic to 
freshwater systems from Southern South America, 
is one of the earliest branching lineages in the 
highly diverse order Siluriformes (Lundberg 
and Baskin 1969; Lundberg and Case 1970; 

Arratia 1987; Grande 1987; Fink and Fink 1996; 
Pinna 1998; Sullivan et al. 2006). Unfortunately, 
despite its importance in terms of phylogenetic 
biodiversity and for understanding catfish evolution, 
most species face conservat ion problems 
(SERNAPESCA 2008, Bello and Ubeda 1998). 
Which is worse, although detailed studies on 
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comparative anatomy has been conducted in 
these taxa (Arratia 1987; Arratia 1992; Arratia and 
Huaquín 1995), there is still a lack of knowledge 
on basic aspects of their biology (e.g. reproductive 
ecology, population genetics, behaviour; Arratia 
1983) which prevents informed conservation 
strategies. A recent broad-scale phylogeographic 
analysis has shown that a large portion of the 
phylogenetic diversity in the family is found at the 
west of the Andes, with unique genetic lineages 
in most drainages, suggesting the need for high 
conservation priorities at broad scale (Muñoz-
Ramírez et al. 2014). However, none study has 
focused on the analysis of genetic diversity within 
a single river basin, which would be important for 
local management.

Among all six recognized species within the 
family, Diplomystes camposensis Arratia, 1987 
has been recognized as the most geographically 
restricted, being only recorded in the Valdivia 
Basin, South Chile (Arratia 1987; Muñoz-Ramírez 
et al. 2010). A recent phylogeographic study 
has revealed closely related lineages in the 
neighbouring basins of Toltén and Imperial (Muñoz-
Ramírez et al. 2014). However, until further studies 
can address whether these lineages belong to 
D. camposensis, we will focus on populations of 

D. camposensis from the Valdivia basin as these 
populations are genetically well differentiated and 
isolated geographically. Hereafter we will refer to 
these populations as D. camposensis. Within the 
Valdivia basin, D. camposensis most frequently 
prefers upstream, fast-flowing waters (Habit et 
al. 2009), which restricts suitable habitat to the 
eastern portion of the basin. Ongoing projects to 
build hydropower dams in areas where the species 
is more abundant threaten to further reduce habitat 
availability and cause fragmentation. Previous 
studies on a reduced number of populations have 
suggested high levels of gene flow and a large 
home range (Habit et al. 2009; Victoriano et al. 
2012), implying that further habitat alterations 
might pose a high conservation risk for the 
species.

The Valdivia basin is located in an area 
that has been subjected to high environmental 
instability, mainly caused by volcanic activity and 
Pleistocene glaciations (e.g. Le Roux and Elgueta 
2000; Hulton et al. 2002). During the last glacial 
maximum (LGM; 23000 ybp; Ruzzante et al. 2006), 
the Valdivia basin was partially covered by ice on 
its eastern portion, restricting habitat available for 
freshwater species to the western portions of the 
basin (Fig. 1). 

Fig. 1.  Map showing location sampling and defined Areas within the Valdivia Basin. Main Areas are separated by short straight dashed 
lines. Population codes (numbers) are described in Table 1. Long dashed line indicates the western limit of the LGM ice sheet based on 
Hulton et al. (2002).
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I n  t h i s  s c e n a r i o ,  p o p u l a t i o n s  o f  D . 
camposensis might have undergone demographic 
bottlenecks due to a considerable reduction of the 
drainage area, particularly at the eastern portion of 
the basin. Previous phylogeographic studies have 
revealed a role of glaciations in shaping broad 
scale patterns of genetic diversity in freshwater 
organisms (e.g. Ruzzante et al. 2006; Zemlak et 
al. 2008; Xu et al. 2009; Muñoz-Ramírez et al. 
2014). However, patterns of genetic diversity in 
relation to glaciations have rarely been analysed at 
the smaller scale of a single basin (Victoriano et al. 
2012), despite its analytical advantages (i.e. free 
from confounding factors derived from inter-basin 
comparison analyses). 

In this study, we analyse sequences of 
two mitochondrial genes from individuals that 
encompass an unprecedented geographical 
coverage in the Valdivia basin to fully describe 
patterns of genetic diversity in Diplomystes 
camposensis. In addition, we conduct a number 
of analyses to investigate the role of recent 
glaciations on patterns of genetic diversity, 
including a model-based coalescent approach to 
test for population subdivision and explore the 
power of the data to distinguish between ancestral 
polymorphism and current gene flow.

MATERIALS AND METHODS

Sampling

We analysed mitochondrial DNA sequences 
from 62 individuals of D. camposensis collected 
from all known populations in the Valdivia basin 
(Fig. 1, Table 1). Thirty of these sequences 
were also analysed in the context of a broader 

phylogeographic study of the family Diplomystidae 
(Muñoz-Ramirez et al. 2014). We did not collect 
new specimens for the specific purpose of this 
study given the conservation status of the species. 
Instead, we analysed specimens already deposited 
in the collection of the EULA Centre (Universidad 
de Concepción, Chile) that were previously 
collected for different ecological studies (e.g. 
Habit et al. 2009; García et al. 2012; Cifuentes et 
al. 2012; Colin et al. 2012; Montoya et al. 2012; 
Beltrán-Concha et al. 2012). The inclusion of 
only one site from the Cruces River is due to the 
limited distribution of D. camposensis in this river. 
Considerable sampling effort in other sites of 
the Cruces River was unable to locate additional 
populations. For the purpose of describing and 
analysing patterns of genetic diversity across the 
basin, we divided the basin in three main Areas 
(see Fig. 1): Area I representing the presumably 
isolated population from Rio Cruces (population 
1); Area II containing populations downstream 
of the Lago Riñihue, a hypothetically stable 
area (populations 2-7); and Area III consisting of 
populations upstream of Riñihue Lake (populations 
8 and 9), an area that was glaciated at the LGM. 
Some potential barriers to dispersal are found 
between these areas. Between areas I and II, 
there are wetlands that may represent unsuitable 
environments for Diplomystids (e.g. low flow water, 
low oxygen concentration, and increased turbidity 
and water temperature). Between areas II and 
III there is a large and deep lake from which no 
captures have been reported (except for captures 
close to where it discharges), and have led to the 
idea that this species might not inhabit lakes (Habit 
et al. 2009). All specimens studied are stored at 
95% Ethanol in the Fish Collection of the EULA 
Center, University of Concepción, Chile.

Table 1.  Locality data and voucher codes for the individuals analysed in this study. Site numbers refer to 
sites in map (Fig. 1)

site locality latitude longitude individual codes

1 Chesque -39.3938 -72.3635 Ches06-07,09-10; DCru240-248
2 Antilhue -39.8028 -72.9609 DcZ416-19, 421-24
3 Cuyincahuin -39.8532 -72.7524 DMa43,54,60,82; DcZ415
4 Chacaipulli -39.7881 -72.7111 DMa30,55,56,62,63,66,67,74
5 Malihue Viejo -39.7450 -72.6577 DMa68
6 La Quinta -39.7631 -72.5841 DMa29,31,33,34,42,53,61,65
7 Trafún Este -39.7502 -72.4856 DMa39,40,72,75,77,85
8 Balsa Enco -39.9012 -72.1520 DEn209-216; DcE01-03
9 Pellaifa River -39.5875 -72.0163 DCal259-60
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Laboratory protocols

We extracted genomic DNA from muscle 
tissue using the DNeasy Tissue Kit (QIAGEN 
Inc., Chatsworth CA). Besides including more 
populations and individuals, we have extended 
the marker length relative to one previous study 
(Victoriano et al. 2012), including the genes 
d-loop and Cyt b to increase resolution. Generally, 
increasing the length of the alignment improve the 
precision of phylogenetic estimation, a fundamental 
step for improving parameter estimation (Heled 
and Drummond 2008) .  We fo l lowed PCR 
protocols described in Muñoz-Ramírez et al. 
(2014). PCR products were examined on a 1% 
agarose gel using SYBR safe DNA gel stain 
(Invitrogen, Eugene, OR, USA) and purified using 
a Montage PCR 96 plate (Millipore, Billerica, 
MA, USA). Sequences were also obtained via 
cycle sequencing with Big Dye 3.0 dye terminator 
ready reaction kits using 1/16th reaction size 
(Applied Biosystems, Foster City, CA). Sequencing 
reactions were run with an annealing temper-
ature of 52°C following the ABI manufacturer’s 
protocol. We purified sequenced products using 
sephadex columns. Sequences were obtained 
using an Applied Biosystems 3730 XL automated 
sequencer at the Brigham Young University DNA 
Sequencing Centre. Sequences used in this study 
are deposited in GenBank (accession numbers: 
JX648805-JX648834, JX649006-JX649035, and 
KT886925-KT886988). 

Sequence editing and phylogenetic analyses

Chromatograms were edited in CodonCode 
Aligner 3.0.3 (Dedham, MA, USA). Sequences 
were imported to BioEdit 7.0.5.2 (Hall 1999) and 
aligned by eye. Cyt b sequences were checked 
via amino acid coding in MEGA5 (Tamura et al. 
2011) for unexpected frame shift errors or stop 
codons. All downstream analyses were performed 
with the two genes concatenated since they do 
not segregate independently and have shown 
similar levels of genetic diversity in several studies 
(e.g. Burridge et al. 2008; Unmack et al. 2009; 
Unmack et al. 2013). Phylogenetic relationships 
were reconstructed by Bayesian inference using 
MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003). 
We included each mitochondrial region (cyt b and 
d-loop) as separate partitions in the Bayesian 
analysis. We identified the best-fitting model 
of molecular evolution using jModeltest 0.1.1 
(Posada 2008). Under the Bayesian Information 

criterion the model for cyt b and d-loop was 
HKY+I and GTR+I+G, respectively. We conducted 
two independent runs and its convergence was 
examined by the average standard deviation of 
split frequencies (i.e. values below 0.01) and the 
potential scale reduction factor (PSRF; values 
should approach 1). These two indicators are 
implemented in MrBayes with the PRSF available 
through the command sump. In addition, we also 
checked for topological convergence with the 
program AWTY (Nylander et al. 2008) using the 
plotting tool compare. Topological convergence in 
this test is confirmed by the observation of values 
tightly clustered to the diagonal of the plot (see 
Additional file Figure_S1). Four chains were used 
for phylogeny estimation, starting with a random 
tree and running for 5,000,000 generations, 
sampling every 1000 trees. The initial 10% of the 
resulting trees was discarded as burn-in using 
the “sumt” command. Once convergence of the 
two independent runs was confirmed, parameter 
estimates from both runs were combined to 
obtain a total of 9002 trees. A 50% majority 
rule consensus tree with branch lengths was 
constructed. Phylogenetic analysis were also 
conducted by maximum likelihood inference in the 
program RAxML (Stamatakis 2014). We used the 
same models used in the Bayesian inference as 
RAxML allows the use of multiple partitions with 
different models. Bootstrap values were obtained 
by the rapid search option with 200 replicates. All 
other settings were kept as default. In addition 
to the estimation of trees, we also constructed 
a haplotype network using the median joining 
algorithm implemented in Network 4.610 (Bandelt 
et al. 1999). Haplotypes were inferred from DNASP 
5.0 before their use in Network (Librado and Rozas 
2009).

Demography, genetic diversity and genetic 
structure

In order to test for population expansion, we 
calculated the Tajima’s D and Fu’s Fs statistics of 
neutrality (Fu 1997) in Arlequin 3.5.1.3 (Excoffier 
et al. 2005). These statistics were only calculated 
for the entire basin based on the evidence of 
a single population and the lack of reciprocally 
monophyletic groups (see the Results section). 
In addition, we also conducted and plotted a 
mismatch distribution analysis for which a unimodal 
distribution is interpreted as evidence of popula-
tion expansion, while a multimodal distribution 
supports a constant population size over time. 
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The raggedness and SSD indexes provide a 
statistical assessment of the modality of this plot, 
where significant values reject the hypothesis of 
expansion. This analysis was also conducted in 
Arlequin. We used DnaSP to calculate haplotype 
r ichness (S),  haplotype diversi ty (H),  and 
nucleotide diversity (π) that were later used to 
analyse patterns of genetic diversity in regard to 
the hypothesis of glacial impact. A General Linear 
Model (GLM) was used to test for correlations 
between longitude and genetic diversity, since 
the glacial hypothesis predicts a decrease in 
diversity in a West-East direction. This analysis 
was conducted in R (R Development Core Team 
2013). In addition, R was also used to test whether 
the genetic diversity from the glaciated Area III 
(expected to be lower than other areas of the 
basin) was lower than expected by chance. This 
was done by randomly sampling 13 sequences 
from the total pool of 62 sequences and calculating 
its nucleotide diversity. This was repeated 10000 
times to generate a frequency distribution of 
random π that was then compared with the 
observed value of π for the Area III. If the observed 
value falls within the 5% of the lowest values in 
the distribution, it is considered significantly lower 
than expected by chance and consequently as 
evidence of recent colonization. To investigate 
patterns of genetic structure between populations, 
pairwise FST values were calculated in Arlequin 
based on p-distance, with 1000 randomizations 
to test for significance. A Bonferroni correction 
was applied to account for multiple comparisons. 
Finally, to analyse changes in the effective 
population size through time and to investigate the 
timing of a potential past bottleneck, we conducted 
a Bayesian Skyline plot analysis in Beast 1.8.0 
(Drummond and Rambaut 2007). This analysis 
was conducted by setting different substitution 
models for each gene region, based on JModeltest 
(see above in phylogenetic methods). Mutation 
rate was sampled from a normal distribution with 
mean set to 1.3 % per million year following recent 
literature on freshwater fish estimates (Burridge 
et al. 2008; Unmack et al. 2013), and a standard 
deviation of 0.2% to account for some degree 
of uncertainty on this parameter. We set a chain 
length of 10,000,000, sampling parameter values 
every 1000 steps to generate 10,000 parameter 
estimates for 5 independent runs. Likelihood 
values were visualized in Tracer 1.5 (Rambaut and 
Drummond 2009), making sure ESS values were 
all above 200. We also analysed the data under 
a constant population size model to investigate 

whether the Bayesian skyline model or the 
constant size model was a better explanation of 
the data. Models were compared for support using 
Bayes factor comparison with 10000 replicates for 
standard error calculations.

Coalescence simulation analysis

To test whether our data can distinguish 
b e t w e e n  r e c e n t  g e n e  f l o w  o r  a n c e s t r a l 
polymorphism in cases of recent divergence, 
we conducted coalescent simulations using the 
software Mesquite 2.75 (Maddison and Maddison 
2008). This approach is based on the simulation 
of gene trees under different scenarios while 
accounting for coalescent stochasticity. Briefly, 
a summary statistic (Slatkin and Maddison’s; 
Slatkin and Maddison 1989) that estimates the 
degree of incomplete lineage sorting (i.e. lack of 
reciprocally monophyletic clades) is calculated 
for each gene simulated. In our analyses, a 
value of 1 means complete lineage sorting (i.e. 
reciprocally monophyletic populations), while 
values greater than 1 indicate increasing levels 
of incomplete lineage sorting. Subsequently, the 
frequency distribution of this statistic, simulated 
under the two different historical scenarios, 
can be built and compared with the s statistic 
calculated from our empirical gene tree to assess 
the statistical support. We simulated population 
subdivision for two times of divergence (models; 
Fig. 2): one model with divergence at the end of 
the last glaciation (11 kybp; AGS model) and the 
other occurring 50 years ago (RS model). The 
later model’s date of divergence is based on the 
putative barrier between areas I and II (wetlands) 
that may have formed 55 years ago with the mega 
earthquake of Valdivia in 1960 (Reinhardt et al. 

Fig. 2.  Models tested in coalescent simulations. Left, the 
after glaciation subdivision (AGS) model. Right, the recent 
subdivision (RS) model. Roman numbers on tips indicate main 
Areas in the basin.

area I areas II and III

LGM
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2010). Assuming a generation time of two years 
(Vila et al. 1996), we built our models as follows: 
the AGS model was set with a divergence time at 
5500 generations ago, whereas RS model was set 
with a divergence of 25 generations ago. It must be 
noted that failing to reject the second model should 
not be taken as evidence for a recent population 
split, but as evidence that the marker cannot 
distinguish between ancestral polymorphism (i.e. 
incomplete lineage sorting) and gene flow at the 
modelled temporal scale. Given that no empirical 
estimates of population size are available for D. 
camposensis, we simulated the data setting three 
different populations sizes for each scenario in 
order to account for this uncertainty. This totalized 
six different models combining two divergence 
times with three different population-size parameter 
values. We simulated 1000 gene trees for each of 
the six models, and the effective population size 
(Ne) parameter was varied to 1000, 10000, and 
100,000 individuals.

RESULTS

Genetic diversity and structure

Our results show overall low levels of genetic 
diversity across the entire basin, as well as for 
most sample localities (Table 2). The lowest 
nucleotide diversity was found in population 8, 
from the glaciated Area III (π = 0.00043), while 
the highest nucleotide diversity was found in 

population 4 from Area II (π = 0.0012). Similar 
patterns were observed for haplotype diversity, 
with population 4 showing the lowest haplotype 
diversity (0.44) and population 8 showing the 
highest (H = 0.93). Overall, nucleotide diversity 
for the entire basin was 0.00072, while haplotype 
diversity was 0.68. Despite this low diversity, a 
decrease in genetic diversity can be observed in a 
west-east direction.

The GLM analysis showed a negative and 
significant correlation between H and longitude (R 
= 0.82; p =0.013), and marginally non-significant 
(R = 0.7; p = 0.052) negative correlation between 
π and longitude. At the level of the main areas 
defined, the highest genetic diversity for both H 
and π was found in Area II (H = 0.75; π = 0.00082), 
followed by Area I (H = 0.68; π = 0.00076), and 
Area III (H = 0.38; π = 0.00038). In the case of 
the glaciated Area III, the randomization analysis 
showed that nucleotide diversity was significantly 
lower than expected by chance (p values equal 
to 0.027 and 0.016 for sampling with and without 
replacement, respectively; Fig. 3).

Genetic structure was very low and no 
significant differentiation was found between most 
populations and defined areas (Table 3). The only 
significant comparisons (p < 0.05) were those 
between La Quinta and Chesque (populations 6 
and 1; FST = 0.246) and between La Quinta and 
Trafun Este (populations 6 and 7; FST = 0.305). 
However, these comparisons became non-
significant after Bonferroni correction.

Table 2.  Genetic diversity indexes per sampled localities and areas

locality N S H π

Chesque 13 4 0.68 0.00076
Antilhue 8 5 0.86 0.00080
Cuyincahuin 5 3 0.70 0.00079
Chacaipulli 8 6 0.93 0.00120
Malihue Viejo 1 1 - -
La Quinta 8 3 0.46 0.00034
Trafún Este 6 3 0.73 0.00076
Balsa Enco 11 2 0.44 0.00043
Río Pellaifa 2 1 0 0

Area
Area I 13 4 0.68 0.00076
Area II 36 9 0.75 0.00082
Area III 13 2 0.38 0.00038

overall 62 11 0.683 0.00072

N, number of individuals; S, haplotype richness; H, haplotype diversity; π, nucleotide diversity.
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Phylogeny and haplotype network

The Bayesian and ML reconstruction showed 
identical results. Hereafter we only describe 
and discuss the results from the Bayesian 
analysis, although ML bootstrap support values 
were added to the Bayesian tree edges (Fig. 4). 
The reconstructed gene tree showed a lack of 
genealogical and geographical structure (Fig. 
4). Shallow relationships, indicated by extremely 
short branch lengths separating most individuals, 
characterized the genealogy. Individuals do not 
cluster in groups representing populations or 
defined areas. On the contrary, individuals from 

each population and area were interspersed 
across the entire tree with no pattern of clustering 
according to geographic origin. The haplotype 
network mirrored the gene tree regarding the 
lack of geographic structure (Fig. 5). It was 
characterized by a central, high-frequency and 
widely distributed haplotype, connected by only 
two mutational steps to a second, medium-
frequency, and also widely distributed haplotype. 
Several singletons were connected by one or 
few mutational steps to the central haplotype, 
producing a star-like topology. The two most 
frequent haplotypes were found in all three main 
areas of the Valdivia basin (haplotypes H1 and 

Fig. 3.  Frequency distribution of the genetic diversity (π) in the Valdivia basin estimated by bootstrap. Ten thousand  samples using 13 
randomly chosen individuals each time were used to obtain the distribution. Dashed line indicates the observed nucleotide diversity for 
Area III. A, bootstrap with replacement. B, bootstrap without replacement. N, number of individuals; S, haplotype richness; H, haplotype 
diversity; π, nucleotide diversity.
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Table 3.  Population differentiation values (FST) between eight localities of Diplomystes camposensis from the 
Valdivia basin based on mitochondrial DNA sequences. Distance matrix was calculated based on pairwise 
differences and a gamma a value of 0.011. Significance was tested using 1000 permutations. Significant 
values at the 0.05 level are shown in bold. None value was statistically significant after Bonferroni correction

Locality 1 2 3 4 5 6 7

1. Chesque
2. Antilhue -0.015
3. Cuyincahuin 0.012 -0.125
4. Chacaipulli 0.000 -0.009 -0.075
5. La Quinta 0.246 0.086 0.068 0.096
6. Trafún Este -0.099 -0.020 -0.044 -0.089 0.305
7. Balsa Enco -0.012 -0.072 -0.066 0.009 0.151 -0.009
8. Río Pellaifa 0.023 -0.235 -0.290 -0.119 -0.221 0.074 -0.121
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Fig. 4.  Bayesian phylogenetic tree based on 62 mitochondrial 
DNA sequences (Cyt b and CR combined). Colored circles in 
front of tips represent area of origin as shown in figure 1. Tip 
labels refer to individual codes as in table 1.
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H2), while the remaining haplotypes were all 
private to their corresponding areas. Among the 
11 haplotypes found, 9 were present in Area II, 4 
in Area I and only 2 in the glaciated Area III. Two 
haplotypes from Area I were private or exclusive to 
that area (H3 and H4), whereas the other 2 were 
shared with areas II and III (H1 and H2). Area II 
had the higher number of private haplotypes (7 
haplotypes: H5-H11). The only 2 haplotypes found 
in Area III (H1 and H2) were both shared with 
the other areas and corresponded to those most 
abundant in the basin.

All the analyses of demographic expansion, 
except Tajima’s D, showed evidence of a recent 
demographic expansion. Mismatch analysis 
showed a unimodal pattern strongly biased to 
the left (Fig. 6) indicating that most pairwise 

Fig. 6.  Mismatch distribution analysis based on pairwise 
comparisons between 62 mitochondrial DNA sequences.
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comparisons involved none very few nucleotide 
differences. The SSD and raggedness indexes, 
both of which accompany the mismatch analysis, 
were both not significantly different from the null 
expectation of an expansion model (SSD = 0018, 
p = 0.34 and Rgg = 0.07, p = 0.56, respectively). 
In addition Fu’s Fs showed a significant negative 
value (Fs = -3.93, p = 0.03) which indicates 
recent demographic expansion. Tajima’s D, on 
the other hand, was negative, but not significant 
(D = -1.06; p = 0.17). The Bayesian skyline plot 
analysis showed a slow, but constant increase in 
population size starting no later than 9,856 ybp 
(95% lower credibility interval), and no earlier than 
80,000 ybp (95% higher credibility interval) (Fig. 
7). Although the demographic expansion exhibited 
by this analysis was not abrupt, it was better 
supported (likelihood = -2816.357) than a model of 
constant population size (likelihood = -2868.709) 
as revealed by the Bayes factor (BF = 22.7; S.E. = 
0.297).

Coalescent simulations

Coalescent  s imulat ion analyses were 
conducted to evaluate the ability of our markers 

to distinguish two hypothetical scenarios of recent 
population subdivision, one occurring at the 
end of the last glaciation (11 kybp; AGS model) 
and the other occurring only 50 years ago (RS 
model). Our results showed that it is highly unlikely 
that a population subdivision had occurred and 
persisted up to date any time since the end of the 
last glaciation. Slatkin and Maddison’s s statistic 
for the observed gene tree was 11, indicating a 
high level of incomplete lineage sorting between 
the Cruces River and the rest of the basin. In 
general, this value was significantly greater than 
those simulated for the AGS model assuming Ne 
values of 1000 and 10000, and it was marginally 
significant for the case with 100000 individuals. For 
the case of Ne of 1000 individuals, all simulated 
coalescent gene trees presented an s-value of 1 
(Fig. 8A). In the case of Ne=10000 individuals, 
simulated gene trees showed s-values that ranged 
from 1 to 5 with a peak at s = 2 (Fig. 8B). For the 
case of 100000 individuals, simulated gene trees 
produced s-values ranging between 4 and 13, 
reaching a peak at s = 9 (Fig. 8C). For this later 
value, in which a very large Ne was assumed, s 
was only marginally non-significant. This means 
that even assuming the very unlikely Ne of 100000 

Fig. 7.  Bayesian Skyline Plot analysis showing population size over time. The x-axis is the time to the present in years, while the y-axis 
is the product between the effective population size (Ne) and the generation length (t) in a log scale. The mean estimate (black solid 
line) and 95% highest probability density limits (grey area) are shown.
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individuals, there is only a 5.6% probability of 
obtaining an s value of 11 or higher assuming the 
AGS model of population subdivision. 

Observed s-value was not significantly 
different from those simulated under the recent 
split model, regardless the Ne assumed (Fig. 8D-

F). For all the Ne cases, s-values produced by the 
simulated gene trees were relatively high, yielding 
the observed s-value of 11 or higher in 33%, 90%, 
and 92% of the times for Ne of 1000, 10000, and 
100000 individuals, respectively.

Fig. 8.  Frequency distribution of the s statistic obtained by simulated gene trees under two different scenarios and values for Ne. Left 
column, the after glaciation subdivision model (AGSM). Right column, the recent subdivision model (RSM). Segmented line shows 
where the observed s value (s = 11) falls.
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DISCUSSION

Although estimates genetic diversity for 
Diplomystes camposensis has been reported 
previously in the Valdivia basin (Victoriano et al. 
2012; Habit et al. 2009), this is the first time that it 
is analysed for individuals from the entire Valdivia 
Basin, including populations from the Cruces 
River, and the glaciated areas beyond the Riñihue 
Lake. Therefore, our results most likely reflect 
the true condition of the species in the entire 
basin. Genetic diversity found in D. camposensis 
was low across the whole basin. Remarkably, it 
was lower than the genetic diversity found in all 
other previously studied freshwater fish species 
cohabiting the same basin (Victoriano et al. 2012), 
with the solely exception of Percilia gillisi, which 
showed comparable low levels. However, in the 
case of Percilia gillisi, only 20 individuals were 
analysed from a reduced area within the basin, 
suggesting that its genetic diversity could have 
been underestimated. The lower genetic diversity 
found in Diplomystes camposensis relative to the 
other co-distributed species could reflect naturally 
lower population sizes. Indeed, D. camposensis is 
generally less abundant than other co-distributed 
species (Valdovinos et al. 2012). This finding 
is consistent with genetic evidence of small Ne 
in Diplomystes populations from the Rapel and 
Mataquito basins in Central Chile (Muñoz-Ramírez 
et al. 2015). The potential causes of a small Ne 
in Diplomystes have been discussed elsewhere 
(Muñoz-Ramírez et al. 2014), and they might be 
related with lower fecundity (Vila et al. 1996).

Despite the globally low genetic diversity in 
D. camposensis, its decrease toward the glaciated 
area is consistent with a postglacial colonization 
scenario. Previous phylogeographic studies on 
fish from this region have failed to find significant 
correlations between genetic diversity and latitude 
(e.g. Unmack et al. 2009; Muñoz-Ramírez et al. 
2014) suggesting a minor role of glaciations on 
genetic diversity, or a lack of statistical power to 
detect it. In our case, the finding of this pattern 
suggests that glaciations may have played a role 
in the recent microevolutionary history of this 
species, although more powerful analyses (e.g. 
model-based demographic analyses) and data (e.g. 
microsatellites, SNPs) are required to fully test this 
hypothesis. 

Results from the population expansion 
analyses are consistent with an effect of glaciations 
on the demographic history of D. camposensis. 
During the LGM, the Valdivia basin was greatly 

reduced in size due to the advance of glaciers, 
which may have reduced the population size of the 
species. After the glacial meltdown (c.a. 11Kybp), 
more habitat became available, which may have 
allowed populations expand demographically. 
Most analyses aiming to test population expansion 
supported this scenario (Fu’s Fs, mismatch, BSP), 
with the only exception of Tajima’s D test. Tajima’s 
D test tends to be more conservative to detect 
population expansion when the expansion has 
occurred very recently, or when it has been of low 
magnitude. This can be seen in the BSP analysis 
(Fig. 7) that shows a slow population growth over 
time, suggesting that even though population 
size was reduced in the recent past, the current 
population might not be markedly larger. The BSP 
analysis also placed the bottleneck during the 
last glaciation (within 9.8 and 80 kybp). Although 
this time interval is somewhat large, it falls almost 
completely within the last glaciation period (about 
11-110 kybp; Petit et al. 1999) allowing us to 
rule out some other more recent events (e.g. 
recent volcanism). Altogether, these results are 
consistent with the hypothesis of an impact of 
the last glaciation on the demographic history 
of D. camposensis, but contrary to our initial 
expectations, they also suggest that the impact of 
glaciations might not have been as dramatic as 
previously thought. 

In natural populations, low levels of genetic 
diversity may reflect either aspects of the species 
ecology or recent bottlenecks. The documented 
impact of the LGM on basins of southern South 
America (e.g. Hulton et al. 2002; Sugden et al. 
2005) offers a straightforward explanation for the 
reduced levels of genetic diversity in this species. 
However, the finding that the genetic diversity of D. 
camposensis was lower than other co-distributed 
species (Victoriano et al. 2012) suggests that 
species-specific biological characteristics may 
have also contributed to this condition. 

Genetic structure

We did not find evidence of population 
subdivision as revealed by low levels of genetic 
structure. FST values and coalescent analyses 
indicated that the entire basin acts as a single 
population. In particular, the coalescent simulations 
indicated that it is highly unlikely that this pattern 
may have arisen due to ancestral polymorphism, 
indicating that high gene flow is the most probable 
explanation for the lack of genetic structure in 
the basin. This is in agreement with previous 
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unpublished data (Oyanedel et al. in review) that, 
using telemetry to study patterns of fish movement, 
found that D. camposensis can move large 
distances in short time intervals (ca. 3 km in one 
day), suggesting a large home range. Genetic data 
from other co-distributed freshwater fish species 
(Victoriano et al. 2012) show diverse  levels of 
genetic structure, suggesting that this pattern 
may depend on species-specific capabilities to 
move across the basin. Species like Galaxias 
maculatus, Aplochiton taeniatus, and Percichthys 
trucha showed high levels of genetic structure, 
whereas Galaxias platei, Basilichthys australis, 
and Aplochiton zebra showed intermediate 
levels. Percilia gillissi showed levels of genetic 
structure as low as Diplomystes, but the sampling 
for this species was limited to a small portion of 
the basin. Although the coalescent simulations 
showed that ancestral polymorphism is unlikely 
as an alternative explanation, it cannot reject the 
possibility of current fragmentation due to events 
occurred in more recent time scales (e.g. the 
formation of wetlands in between areas I and II 
during the past century; Reinhardt et al. 2010). The 
use of markers with higher resolution at a more 
recent temporal scale, such as microsatellites or 
single nucleotide polymorphism, should be more 
suitable to investigate genetic structure derived 
from a recent lack of gene flow.

Conservation considerations

Diplomytes camposensis has been tradi-
tionally considered a micro-endemic species of the 
Valdivia basin (Arratia 1987; Dyer 2000; Habit et al. 
2006), and although a recent study has suggested 
that its distribution could extend further North 
to two other basins (Tolten and Imperial) based 
on the presence of shared haplotypes (Muñoz-
Ramírez et al. 2014), the high genetic structure 
found between these basins (i.e. FST values above 
0.74) indicates that Valdivian populations are 
a distinct genetic pool that needs to be treated 
at least as a different management unit (Moritz 
1994). Currently, D. camposensis face several 
potential problems that compromise an adequate 
conservation of its populations. Current attempts 
to build several dams with no facilitation for fish 
pass in rivers that are part of its suitable habitat 
threaten to reduce and fragment its distribution 
in the basin. Low genetic diversity found across 
the entire basin suggests that populations may 
be prone to high demographic and environmental 
stochasticity, which could increase the extinction 

risk if the habitat is further reduced. Fragmentation 
of an already small population with low genetic 
diversity (Habit et al. 2009; Victoriano et al. 
2012) and large home range carries a number of 
conservation problems. First, small populations 
are more exposed to inbreeding and genetic drift 
which accelerates the loss of genetic diversity and 
may causes inbreeding depression (Keller 1998; 
Newman and Pilson 1997; Saccheri et al. 1998). 
Second, the interruption of migration between 
areas of the river prevents both the rescue of 
populations that may go locally extinct (Hanski 
1991) and the movement of genes that might be 
beneficial in scenarios of environmental change 
(Tallmon et al. 2004). 

Populations with the highest levels of genetic 
diversity were found in Chacaipulli (locality 4), 
San Pedro River, suggesting that special attention 
should be given to this area if future conservation 
goals are the preservation of as much genetic 
diversity as possible. For example, this population 
could provide a suitable source of individuals if 
translocation strategies need to be conducted. 
On the other hand, fragmentation resulting from 
dams could also be mitigated by considering the 
construction of fish pass as evidence suggest that 
Diplomystes seem to disperse well through artificial 
canals in other rivers (Muñoz-Ramírez et al. 2015). 
We hope that our study can serve as a starting 
point in the goal of generating knowledge about the 
historical dynamics and population genetics of this 
endangered species. However, more efforts should 
also be put in increasing the basic understanding 
of its ecology to improve potential management 
strategies. 
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