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Abstract Freshwater systems are one of the environ-

ments most impacted by human activity, with pollution

being a highly important factor. In Chile, several rivers

exhibit varied levels of pollution, one of which is the

Maipo River basin where the city of Santiago is located.

The silverside Basilichthys microlepidotus (Jenyns) is an

endemic fish species that inhabits this basin, thus we

hypothesized that pollution has affected gene diversity and

migration in populations of B. microlepidotus from the

Maipo River basin. The aim of this study was to identify

the population structure of B. microlepidotus in this basin

and to determine if the populations of the silverside

inhabiting polluted sites present differences in gene

diversity and gene flow compared to populations inhabiting

non-polluted areas. Using the variability of eight micro-

satellites, five populations of silverside were detected; three

inhabiting non-polluted sites and two inhabiting polluted

sites. From this, it was inferred that B. microlepidotus has

been able to tolerate pollution in the Maipo River basin. No

differences in gene diversity or migration were detected

between polluted and non-polluted sites but comparison

with historical estimation revealed an increase in the cur-

rent migration rate when all the data from the basin were

compared. A reduction in current effective population size

was also observed when compared to historical values, and

this is probably due to river degradation. Despite the dis-

appearance of other fish species recorded at this basin, our

results suggest that B. microepidotus is tolerant to pollu-

tion, thus indicating that native species respond differently

to this environmental factor.

Keywords Effective population size � Genetic structure �
Microsatellites � Migration � Pollution

Introduction

There is no doubt that human activity affects biodiversity.

Some of the most documented consequences of this

activity include the introduction of invasive species that

displace native species, climate change due to alterations in

atmospheric composition, increased nitrogen deposition,

and habitat fragmentation (Dukes and Mooney 1999; Sala

et al. 2000; Fagúndez 2013). In a wider perspective, the

consequences of human activity have modified the distri-

bution and vulnerability of populations and have led to the

extinction of numerous species. Therefore, the adaptation

of organisms to new environmental conditions has become

a major research focus in conservation.

Freshwater systems are one of the environments that has

been most impacted by human activity, with more than

20 % of freshwater fish in a state of threatened or extinct

(Jackson et al. 2001). This threat to freshwater diversity is
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mainly the result of overfishing, changes in water flow,

invasive species, pollution, and habitat fragmentation

(Fahrig 1997; Abell et al. 2007; Mora et al. 2007). Of these,

pollution is one of the most important factors affecting

freshwater systems because it is the principal source of

water quality degradation in the world (World Water

Assessment Programme 2009).

Pollution affects the abundance of aquatic biota by

increasing mortality, reducing fertility, and changing

behaviors and morphology (Weis et al. 2001; Fracácio

et al. 2003; Pandey et al. 2008). It has also been associated

with changes in the effective size, genetic diversity, and

mutation rate of natural populations (Bickham et al. 2000;

Theodorakis 2003). In the case of genetic diversity, evi-

dence has been controversial (Belfiore and Anderson 2001;

DiBattista 2008), there is clear evidence that pollution has

promoted new genetic variations by increasing mutation

rates (Baker et al. 2001), but other researchers have also

reported that pollution decreases the genetic diversity of a

population by reducing its size (Murdoch and Hebert 1994;

Bickham et al. 2000; Domı́nguez-Domı́nguez et al. 2007).

These differences suggest that species react differently to

pollution, although it is important to consider that changes

in genetic diversity affect the ability of populations to

adapt to future environmental challenges (van Straalen and

Timmermans 2002).

Furthermore, contradictory evidence about the effect of

pollution on gene flow has been reported. Theodorakis

et al. (2006) found that the gene flow levels of the fish

Lepomis auritas (Linnaeus) were influenced by pollution.

Conversely, Durrant et al. (2011) showed that pollution

was not a barrier for Salmo trutta (Linnaeus). Again,

available evidence indicates that the effect of pollution on

fish populations is not consistent between different studies

or species. Therefore, it is important to research each case

individually.

Chilean freshwater systems have a reduced number of

fish species, and 64 % of the 44 native species are classi-

fied as vulnerable (Vila et al. 2006). Campos et al. (1998)

suggested that habitat fragmentation, invasive species, and

pollution are the main factors affecting fish in Chile. One

of most polluted basins in Chile is the Maipo River basin,

where approximately 40 % of the Chilean population lives,

amounting to 6.7 million individuals according to the most

recent census in 2012. Because of this, the basin has

experienced water quality deterioration, mainly eutrophi-

cation (Pardo et al. 2008) as a product of organic matter

from untreated sewage. The first wastewater treatment

plant for the basin was implemented in 2001, but it only

treats 25 % of the polluted water. Furthermore, the Maipo

River basin contains the largest number of factories in the

country, and mining operations in the Andes Mountains

introduce heavy metals into the Maipo River basin. The

anthropic disturbances along the Maipo River basin have

different components, all with spatial and temporal varia-

tions. The principal perturbations include diffuse pollution

by sewage, agricultural crops, industrial discharges, pesti-

cides, mining, and gravel extraction (Dirección General de

Aguas 2004).

Studies concerning the fauna of the basin have shown a

significant reduction in richness and abundance of fish

during the last 30 years (Muñoz 2007), suggesting a low

tolerance to pollution in many native fish. One species that

has shown a marked decrease in abundance is Basilichthys

microlepidotus (Jenyns). Duarte et al. (1971) found 198

individuals, while Muñoz (2007) collected only 11 speci-

mens at the same 19 sampling sites along the Maipo River

basin. This species is an atherinid endemic to Chile that

inhabits lakes and rivers from 28� to 39�S (Véliz et al.

2012), and it is considered endangered (Campos et al.

1998). This species is microphagous, feeding on insect

larvae, small invertebrates, filamentous algae, and detritus

(Duarte et al. 1971; Bahamondes et al. 1979), and its

reproductive period ranges from August to January (Comte

and Vila 1992).

Previous study performed with the mDNA control

region to analyze the population structure of this species

showed that samples from the Limari, Choapa, and A-

concagua rivers belonged to a single population within

each of these basins, suggesting high dispersal capacity.

However, genetically different groups were detected in the

Maipo River basin (Quezada-Romegialli et al. 2010).

Taking into account all of the particular features of the

Maipo River basin, we hypothesized that pollution has

affected the gene diversity and migration of populations of

B. microlepidotus located in the basin. Thus, the goals of

this study were (1) to characterize the physicochemical

water quality of Maipo River basin sites inhabited by B.

microlepidotus; (2) to identify the population structure of

B. microlepidotus; (3) to assess the presence of B. micro-

lepidotus at sites with high and low levels of pollution; and

(4) to determine the effect of pollution on gene diversity

and gene flow of this Chilean silverside in the Maipo River

basin.

Materials and methods

Sampling sites and tissue collection

In order to determine the distribution of the silverside B.

microlepidotus within the Maipo River basin, 16 sites were

visited between April 2011 and January 2012. The pre-

sence of B. microlepidotus was detected at seven of these

sites, namely at San Francisco de Mostazal (SFM), Maipo

(MA), Puangue (PU), Peñaflor (PN), Pelvin (PEL),
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Melipilla (MEL), and Isla de Maipo (IM) (Fig. 1). Twenty-

four individuals were collected from each site except for

MEL, where 22 individuals were collected. Thus, a total of

166 individuals were collected by using a low impact

electrofishing device that did not harm the fish; specimens

were anesthetized with a 12 mg/L dose of M22 according

to Wasko et al. (2003). Tissue samples were obtained by

dissecting a small piece of the caudal fin, which was sub-

sequently stored in 99 % ethanol (Merck). To reduce the

effect of the anesthesia, fish were maintained for 20 min in

clean, oxygenated water before being released back into

the river.

Physicochemical characterization of sampling sites

To determine habitat quality, 19 variables were measured

at each site where B. microlepidotus was found. In situ

electrical conductivity (EC), pH, and total dissolved solids

(TDS) were measured three times for each site. All mea-

surements were performed with a multiparameter device

(Hanna Instruments). Sulfate (SO4
2-), nitrite (NO2

-),

chloride (Cl-), ammonium (NH4
?), nitrate (NO3

-), phos-

phate (PO4
3-), sodium (Na?), potassium (K?), calcium

(Ca2?), and magnesium (Mg2?) concentrations were

measured in three water samples (1 L) from each site. Each

sample was filtered using a cellulose nitrate filter with a

0.45 lm pore diameter (Sartorius) according to Clesceri

et al. (2005).

For measurements of the metals copper (Cu), lead (Pb),

aluminum (Al), and molybdenum (Mo), a 1 L water

sample was collected at each site. All samples were fixed

with HNO3
- (2 %, Suprapur�Merck) and filtered (0.45 lm

diameter) for later analysis by using an atomic absorption

spectrophotometer (Shimadzu Spectrophotometer 6800,

ASC-6100 autosampler and GFA-EX graphite furnace). To

determine dissolved oxygen (DO) concentration, three

water samples were collected at each site in 200 mL Nal-

gene bottles, fixed with manganese sulfate and alkaline

iodide, and measured using the Winkler method and fol-

lowing the protocol proposed by Strickland and Parsons

(1968). Biological Oxygen Demand (BOD5) was measured

to determine the oxygen used by microorganisms to

decompose organic residue. This measurement involved

collecting 300 mL of water from each site and incubating it

at 20 �C for 5 days before oxygen quantification (Clesceri

et al. 2005).

The British Columbia Water Quality Index (BCWQI

1996) was used to determine the degree of pollution at each

site. This index is based on the attainment of water quality

objectives, taking into consideration the natural water

quality expected at any given site. The index ranks water

quality into the following five categories: excellent, good,

fair, borderline, and poor. Excellent means that conditions

are very close to natural or pristine levels; good indicates

that conditions rarely depart from natural or desirable

levels; and fair, borderline, or poor mean that conditions

sometimes, often, or usually depart from natural or desir-

able levels, respectively. In order to assign each site to a

category, three factors were calculated (F1, F2, and F3). F1

measure the number of parameters that do not meet the

Fig. 1 Sampling sites,

population structure of B.

microlepidotus, and polluted

and non-polluted sites in the

Maipo River basin. Sampling

sites: squares are sites that were

visited but no fish were

observed and, therefore, fish

were not collected. The other

symbols indicate sampling sites

containing the silverside B.

microlepidotus, where PEL

Pelvin, PU Puangue, IM Isla de

Maipo, MEL Melipilla, MA

Maipo, SFM San Francisco de

Mostazal, PN Peñaflor.

Population structure of B.

microlepidotus: sampling sites

with different symbols represent

different populations. Non-

polluted and polluted sites:

superscript 1 indicates non-

polluted sites, superscript 2

indicates polluted sites. The city

of Santiago is indicated in grey
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objectives defined according to the expected natural water

quality, whereas F2 is the number of times that the

parameters do not attain the objectives. Finally, F3 is a

measure of the maximum quantity by which objectives are

not being met. The index was calculated by using the

following formula:

BCWQI ¼ ½ðF1Þ2 þ ðF2Þ2 þ ðF3=3Þ2�1=2:

The index was estimated considering all the parameters

measured, with exception of those for which information

about the objective criteria was not available, which were

TDS, NO3
-, PO4

3-, Na?, K?, Ca2?, and Mg2?.

The variables used in the BCWQI are considered sig-

nificant measurements for the water quality of the Maipo

River basin (Dirección General de Aguas 2004). This

physicochemical categorization was complemented with a

principal component analysis (PCA), where all the vari-

ables measured were included so as to detect the environ-

mental variables that most contributed to the total variance

and the location of the sites in each principal component

axis. Factor loadings were used to determine the contri-

bution of the variable in each component. This analysis

was performed using the ADE4 library implemented in the

R software (R Core Team 2013). Finally, for simplicity of

analysis, the sites were classified as polluted or non-pol-

luted according to the results from the BCWQI and PCA

analyses.

Microsatellite amplification, descriptive statistics,

and population structure

DNA extraction was performed by using the salt extraction

method (Aljanabi and Martinez 1997). Four microsatellites

described for Odontesthes perugiae (Evermann and Ken-

dall), Odon02, Odon07, Odon09, and Odon39 (Beherega-

ray and Sunnucks 2000), and four microsatellites described

for Odontesthes bonariensis (Valenciennes), Odon01,

Odon19, Odon59, and Odon71 (Koshimizu et al. 2009),

were used for population genetic analyses. The PCR

reaction mixture had a final volume of 10 lL that included

1.3 lL of 109 PCR buffer (Invitrogen), 0.5 lL of MgCl2
(50 mM) (Invitrogen), 0.5 lL of forward and reverse

primers (50 ng/lL) (Applied Biosystems), 2.4 lL of

dNTPs (2.5 mM) (Invitrogen), 4.68 lL of H2O, and

0.12 lL of Taq polymerase (Invitrogen). To this mixture,

1.5 lL of DNA (50 ng/lL) was added.

The PCR touchdown method described by Beheregaray

and Sunnucks (2000) was used with the modifications

included by Muñoz et al. (2011) for the amplification

protocol of the four first microsatellites. Amplification of

the loci Odon01, Odon19, Odon59, and Odon71 was per-

formed following the protocol described in Koshimizu

et al. (2009). PCR products were genotyped by Macrogen

Inc (www.macrogen.com), and the GENEMARKER soft-

ware was used to build the matrix with allelic data. The

MICROCHECKER software (Van Oosterhout et al. 2004)

was used to identify possible genotyping mistakes and the

presence of null alleles in the microsatellite data.

To ensure that the individuals were a random subset of

the population, relatedness was estimated with the rxy

estimator, as indicated by Queller and Goodnight (1989),

implemented into the IDENTIX software (Belkhir et al.

2002). Using multilocus genotypic data, IDENTIX esti-

mates relatedness between pairs of individuals within each

population. The null hypothesis for the random distribution

of related individuals in a sample was also tested by using

1000 permutations of alleles within the respective sample.

Linkage disequilibrium was estimated for all pairs of loci,

and deviations from the Hardy–Weinberg equilibrium

(HWE) were estimated using the GENETIX software

(Belkhir et al. 2000).

Three software programs were used to determine pop-

ulation structure. First, the FLOCK software version 3.0

(Duchesne and Turgeon 2012) was used to determine the

most likely number of populations (k) and their member-

ship. The FLOCK software implements a method of

repeated re-allocation of collected specimens in order to

detect a reliable number of k populations, with each re-

allocation being more effective than the previous one in

attracting genetically similar individuals. This analysis was

run using the random initial partition mode, 20 re-alloca-

tions per run, 50 runs, and a minimal log-likelihood

(LLOD) of 0.3. In addition, the GENELAND software

(Guillot et al. 2005) was used to determine the number of

genetically distinct population clusters and their member-

ship with another criterion. GENELAND uses a Bayesian

clustering algorithm to assign individuals to clusters or

populations without a priori knowledge of the population

sampled. This analysis was run 20 times using correlated

allelic frequencies with no inferred spatial model. The

number of iterations was set to 500000, with a thinning of

500. Finally, the GENETIX software was used to estimate

genetic differences between pairs of sites using FST. GE-

NETIX estimates the FST based on the multilocus allelic

frequency gathered from the individuals collected at each

site (Weir and Cockerham 1984). Individual permutations

among sites (10000 permutations) were used to estimate

the statistical significance of this index. To reduce Type I

error, a = 0.01 was used in these paired FST comparisons.

In order to test for a geographical association with popu-

lation differentiation (FST), a Mantel test with 10000 per-

mutations was conducted using the GENETIX software.

Geographical distances between pairs of sites were esti-

mated using Google Earth, following the river line.
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After that the spatial structure of populations was esti-

mated, it was associated with the environmental condition

(polluted or nonpolluted) as determined on the basis of

BCWQI and PCA results. The number of alleles (NA),

allelic richness (AR), and gene diversity (GD) were esti-

mated for each of the populations detected. The NA was

estimated by using the GENETIX software, while AR and

GD were estimated using the FSTAT software (Goudet

1995), which is based on randomization methods to esti-

mate statistical significance of both parameters among

populations. In brief, AR is a measure of the number of

alleles independent of sample size, while GD is directly

calculated from the estimated frequency of alleles per

sample. Significant differences in these parameters were

estimated among populations from polluted and non-pol-

luted areas using a permutation ANOVA from the lmPerm

library in the R software (R Core Team 2013). Finally, the

BOTTLENECK software (Cornuet and Luikart 1996) was

used to determine if the detected populations of the sil-

verside had undergone a recent bottleneck. In brief, the

BOTTLENECK software estimates the likelihood of recent

reductions in effective population size (Ne) by comparing

the expected heterocigosity under HWE with the expected

heterocigosity under mutation-drift equilibrium. The two-

phase mutation model with a 70 % stepwise mutation was

used, and the significance was assessed with the Wilcoxon

test implemented in the same software.

Historical and contemporary gene flow and effective

population size estimates

In order to determine the migration patterns of silverside

populations, both historical and contemporary migration

rates were estimated. Historical migration rates were first

estimated with the MIGRATE software (Beerli and Felsen-

stein 1999), which uses a coalescent approach to estimate

mutation-scaled migration rates (M) for each population

analyzed over the last 4Ne generations (approximately). The

settings used a maximum likelihood, the Brownian motion

mutation model, and the matrix migration model containing

20 short chains of 40000 steps and six long chains of 400000

steps, after a burn-in step of 40000. All results were obtained

from the average of three independent runs, and all runs were

performed at https://www.bioportal.uio.no/. To estimate

contemporary gene flow, a Bayesian analysis was performed

using the BAYESASS software (Wilson and Rannala 2003).

The BAYESASS software implemented a Bayesian infer-

ence, which estimates symmetric or asymmetric migration

over the last two to three generations between populations.

This analysis was run using 30000000 iterations and a burn-in

of 3000000 iterations, with sampling done per 100 iterations.

The mixing parameters for allele frequencies, migration

rates, and inbreeding coefficients were defined as 0.5, 0.1, and

0.4, respectively. Ten independent runs that started with

different seeds were performed to examine consistency in the

results. The results were expressed as the average value of

these ten independent runs. To make this comparison possi-

ble, the historical migration rate was scaled by using the

formula m = M 9 l, and the mutation rate used was

2 9 10–3. This mutation rate is an average value taken from

Lepomis marginatus (Holbrook) (Mackiewicz et al. 2002)

and Syngnathus typhle (Linnaeus) (Jones et al. 1999). Both

species are phylogenetically close to B. microlepidotus.

The historical and recent number of effective migrants

per generation (Nem) was estimated using the MIGRATE

and BAYESASS programs. The historical Nem was esti-

mated using M 9 h/x formula, where h = x Ne l,

x depends on the ploidy and inheritance of the data, and for

nuclear data is defined as 4. The current Nem was obtained

by multiplying the migration rate by the current Ne. The

current Ne was calculated as indicated below.

To determine general migration changes within the

basin, the difference between the historical and current

migration rate for all populations in the Maipo River basin

was tested. In a second analysis, migration comparisons

between polluted and non-polluted populations were per-

formed. For this purpose, the immigration/emigration ratio

(I/E ratio) was estimated for each polluted and non-pol-

luted population, and the comparisons were performed in

the following two ways: (1) by assessing statistical dif-

ferences in the current I/E ratios between non-polluted and

polluted populations, and (2) by assessing differences

between historical and current I/E ratios for non-polluted

and polluted populations. All comparisons were performed

for m and Nem using the permutation ANOVA from the

lmPerm library in the R software.

The historical effective population sizes of silverside pop-

ulations were estimated from the h average, which was esti-

mated from three independent runs performed in the

MIGRATE software, for which the settings were a mutation

rate = 2 9 10–3 and x = 4. An estimation of contemporary

effective population sizes was performed through Bayesian

approximate computation implemented in ONeSAMP 1.2

(Tallmon et al. 2008) using a minimum and maximum effec-

tive population size of 2 and 1000, respectively. To determine

differences between the historical and current effective popu-

lation sizes, a Wilcoxon test was run in the R software.

Results

Physicochemical characterization of sampling sites

The 10 physicochemical features (EC, pH, SO4
2-, NO2

-,

Cl-, NH4
?, DO, BOD5, Cu, and Mo) used in the BCWQI

indicated that the IM site was classified as excellent, while
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four sites (SFM, MA, PU, PN) were ranked as good, and two

(PEL and MEL) were classified as fair. For the PCA analysis,

Pb and Al were under the limit of detection, and, given this,

were not used in the analysis. The PCA analysis was per-

formed with the following seventeen parameters: EC, pH,

TDS, SO4
2-, NO2

-, Cl-, NH4
?, NO3

-, PO4, Na?, K?, Ca2?,

Mg2?, Cu, Mo, DO, and BOD5 [Table S1 in Electronic

Supplementary Material (ESM)]. This analysis showed that

the first two components accounted for 71 % of variance

(Fig. 2), where the Principal Component 1, accounting for

51 % of the total variance, had high loadings for TDS, EC,

Cl-, and SO4
2-. In turn, the Principal Component 2,

accounting for 20 % of the variance, had high loadings for

Mo, NH4
?, Cu, and NO2

-. It is important to note that seven

out of the eight variables accounting for most of the variance

in the PCA analysis were included in the BCWQI estimation.

In addition, the PCA analysis showed a segregation of sites

classified as excellent and good from the sites classified as fair

(Fig. 2). Taking into account these results and the meaning of

each category from the index, the sites with an excellent and

good category were defined as non-polluted sites while the

sites that were ranked as fair were considered polluted sites

(Table 1; Fig. 1).

Descriptive statistics and population structure

There was no evidence of null alleles or stuttering errors in

the microsatellites studied. Deviations from the HWE or

linkage disequilibrium were not consistent for any partic-

ular locus and, therefore, all loci were included in the

analyses. Relatedness values also showed no evidence for a

high aggregation of related individuals in the collected

samples (Table S2 in ESM).

The assignment analysis performed with the FLOCK

software did not determine the exact k value, but it indi-

cated that k C 3 in the Maipo River basin. The GENE-

LAND software found evidence of five populations in

60 % of the runs performed. The run showing the highest

average log posterior probability confirmed that k = 5. An

individual assignment to the detected populations was

performed for several runs, but no coherence among these

was found. The global FST in the Maipo River basin was

0.089 (P \ 0.0001), indicating that at least one group of

sampled silversides was different from the total of sites

analyzed. Pairwise analysis suggested the presence of five

different populations and showed FST values ranging from

0.009 to 0.143 (Table 1). Considering the results of these

three methods, the genetic structure retained for subsequent

analyses considered the presence of five isolated groups

within the Maipo River basin. Taking into account the

results of both the BCWQI and the PCA, through which it

was possible to define non-polluted and polluted sites, two

populations of B. microlepidotus were found to inhabit

Fig. 2 Principal component analysis performed with 17 environ-

mental variables measured at the seven sampling sites where B.

microlepidotus was present. The ellipse from the non-polluted group

contains the SFM, MA, PU, IM, and PN sites; whereas the polluted

group contains the MEL and PEL sites. PC1 and PC2 stand for

Principal Components 1 and 2, respectively

Table 1 Pairwise FST and associated P values obtained after 10000 permutations

SFMa MAa PUa PNa PELb MELb IMa

SFMa 0.009 0.063*** 0.143*** 0.081*** 0.075*** 0.1***

MAa 0.052*** 0.143*** 0.038** 0.094*** 0.137***

PUa 0.103*** 0.052*** 0.096*** 0.121***

PNa 0.087*** 0.084*** 0.024

PELb 0.086*** 0.136***

MELb 0.057**

** P \ 0.01; *** P \ 0.001
a Non-polluted sites according to BCWQI
b Polluted sites according to BCWQI
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polluted sites (MEL and PEL) and three populations

inhabited non-polluted sites (MA-SFM, IM-PN, PU)

(Fig. 1). Associated with these results is that the Mantel

test showed no evidence of a relationship between FST

and geographical distance among the sampling sites

(r = -0.0862, P = 0.61).

Using the five populations classified to polluted and

non-polluted environments, the comparison of NA, AR, and

GD did not show significant differences (P = 0.21,

P = 0.35, and P = 0.47, respectively). Furthermore, no

significant evidence of a bottleneck was detected for any of

the populations (PU P = 0.742, MA-SFM P = 0.461,

MEL P = 0.054, PEL P = 0.469, and IM-PN P = 0.844).

Historical and contemporary gene flow and effective

population size estimates

Current migration (Table 2) showed high self-recruitment

at IM-PN and PEL ([90 %), with lower values found at the

other sites. An interesting result was that the PEL site has

the highest migration rate as compared to all other sites,

and this pattern was not observed in the context of his-

torical migration (Table 3). Moreover, the values of his-

torical migration were lower than those observed for

current migration. Historical and current Nem were

between 0.309–4.135 and 0.224–7.526, respectively (Table

S3 and S4 in ESM). This same pattern was observed in the

current Nem, where the PEL site had the highest Nem exported

to all other sites.

An increase in the current migration rate for all popula-

tions of the Maipo River basin was detected with respects

to the historical migration rate (historical m = 0.0098

± 0.0053, current m = 0.0425 ± 0.0547, Fig. 3a), but this

difference was not observed for Nem (historical Nem =

1.545 ± 1.123, current Nem = 1.529 ± 1.649, Table 4;

Fig. 3b). This could be explained by the current low Ne when

compared to the historical value (historical Ne = 178.51

± 103.72, current Ne = 48.171 ± 33.48, V = 55, P \ 0.01,

Fig. 4). On the other hand, no statistical differences were

detected between current I/E ratios (for both m and Nem)

from the polluted and non-polluted populations (Table 4).

Additionally, no changes were detected between the his-

torical and current I/E ratios (for both m and Nem) of the

non-polluted populations. The same applies to the polluted

populations (Table 4). Thus, no effects of pollution on

migration rates or effective migrants per generation of

B. microlepidotus were detected.

Discussion

Pollution is currently a main factor affecting natural pop-

ulations in freshwater systems, as has been documented for

different taxa (e.g., Dudgeon et al. 2006; Strayer and

Dudgeon 2010), and the effects caused by pollution are

very significant in rivers surrounded by large cities around

the world. Freshwater quality is mainly determined by

natural processes, such as precipitation, weathering pro-

cesses, and soil erosion, and by anthropogenic influences,

such as the use of water resources as well as industrial and

agricultural activities (Singh et al. 2005), both affecting the

habitat and, finally, the biota.

Table 2 Current migration rate estimated for populations of B. microlepidotus in the Maipo River basin

From/to MEL IM-PN MA-SFM PU PEL

MEL 0.688 (4 9 10-4) 0.014 (3 9 10-4) 0.007 (6 9 10-5) 0.012 (6 9 10-5) 0.012 (1 9 10-4)

IM-PN 0.026 (2 9 10-4) 0.931 (2 9 10-4) 0.008 (5 9 10-5) 0.031 (2 9 10-4) 0.015 (3 9 10-5)

MA-SFM 0.033 (4 9 10-4) 0.018 (1 9 10-4) 0.856 (1 9 10-3) 0.089 (1 9 10-3) 0.018 (9 9 10-5)

PU 0.013 (1 9 10-4) 0.012 (9 9 10-4) 0.035 (2 9 10-3) 0.746 (2 9 10-3) 0.027 (5 9 10-4)

PEL 0.239 (7 9 10-4) 0.024 (1 9 10-4) 0.094 (1 9 10-3) 0.122 (2 9 10-3) 0.928 (5 9 10-4)

Each value represents a mean of ten different runs. Standard deviations are shown in parentheses

Table 3 Historical migration rate estimated for populations of B. microlepidotus in the Maipo River basin

From/to MEL IM-PN MA-SFM PU PEL

MEL 0.008 (2 9 10-3) 0.017 (2 9 10-3) 0.007 (4 9 10-3) 0.024 (3 9 10-3)

IM-PN 0.006 (1 9 10-3) 0.002 (1 9 10-3) 0.01 (6 9 10-3) 0.018 (7 9 10-3)

MA-SFM 0.011 (6 9 10-3) 0.007 (3 9 10-3) 0.006 (3 9 10-3) 0.009 (7 9 10-3)

PU 0.006 (6 9 10-3) 0.009 (5 9 10-3) 0.005 (2 9 10-3) 0.002 (2 9 10-3)

PEL 0.013 (8 9 10-3) 0.011 (6 9 10-3) 0.014 (8 9 10-3) 0.008 (3 9 10-3)

Each value represents a mean of three different runs. Standard deviations are shown in parentheses
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In this study, the water quality of the Maipo River basin

was determined with the BCWQI and showed sites ranging

from the fair to excellent categories. In addition to this

index, the PCA indicated that TDS, EC, Cl-, and SO4
2-

explained 51 % of the variance and showed a segregation

of the sites that were ranked within the fair category of

water quality. From these two results, the sites with an

excellent or good ranking (PU, IM, PN, MA, SFM) were

defined as non-polluted, and the two sites with a fair

ranking (PEL, MEL) were defined as polluted. The two

sites classified as polluted showed a TDS over 620 mg/L,

which is almost three times greater than the 261.96 mg/L

average measured at seven sites of the Gomti River, which

is considered one of the most polluted rivers in India

(Singh et al. 2005). Furthermore, the two polluted sites of

the Maipo River showed values of EC [1200 lS/cm.

These values were greater than the 1110 lS/cm detected

a bFig. 3 Boxplot of the historical

and current a migration rates

(m) and b effective migrants per

generation (Nem). The box

represents the first and third

quartiles, and the whiskers are

the minimum and maximum

values. The band inside the box

is the median (second quartile),

and the circles represent the

outliers

Table 4 Results of the permutation ANOVA test

F value P value

Migration: historical vs. current

All populations (m) 6.767 0.001

All populations (Nem) 0.001 0.984

I/E ratio: non-polluted vs. polluted populations

Current (m) 0.778 0.533

Current (Nem) 0.145 0.772

I/E ratio: historical vs. current

Non-polluted populations (m) 0.203 0.648

Polluted (m) 1.240 0.352

Non-polluted populations (Nem) 2.250 0.125

Polluted (Nem) 1.843 0.147

Top: results for migration rate (m) and effective migrants per gen-

eration (Nem) comparing current and historical estimations. Middle:

comparisons for m and Nem of the current immigration/emigration

ratio (I/E ratio) between polluted and non-polluted populations.

Bottom: historical vs. current I/E ratio for m and Nem for non-polluted

and polluted populations, separately

Bold value indicates significant differences
Fig. 4 Boxplot of the historical and current effective population size

(Ne) estimated for populations of B. microlepidotus in the Maipo

River basin. The box represents the first and third quartiles, and the

whiskers are the minimum and maximum values. The band inside the

box is the median (second quartile), and the circle represents the

outlier
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for the influent of the Keiskammahoek Sewage Treatment

Plant of the South African Keiskamma River (Morrison

et al. 2001) or the 597.5 ls/cm detected in the Brazilian

Piracicaba River basin, which is located in a highly

developed area of Brazil that produces about 10 % of the

internal product and 85 % of the urban sewage is dumped

into rivers and streams without any treatment (Daniel et al.

2001). It is important to note that high values of EC could

be related to wastewater effluents, storm water drainage, or

industrial effluent discharges.

Based on our sampling at a total of seven sites in the

Maipo River Basin, five populations of the silverside B.

microlepidotus were detected. According to the Mantel test

this differentiation was not explained by geographical

distance, and taking into account that there are no apparent

barriers among the sampling sites (e.g., dams), this dif-

ferentiation could be associated with the high anthropic

perturbation present in this basin. Despite the high levels of

intervention in this basin, relatively clean sites were found.

This is probably related to the presence of groundwater that

joins perturbed water flowing to the sea, as was the case at

the MA, PN, and IM sites. It is important to note that the

affluent at the IM site is located within an agricultural area,

whose owners are known to take care of the water quality.

In the case of the PU and SFM sites, both were located

away from the large city, and geographical isolation tends

to produce a low human impact, hence resulting in areas of

low pollution.

This study did not find evidence of pollution affecting

silverside populations, and two of the detected populations

inhabited polluted sites. In contrast to the results drawn by

Theodorakis et al. (2006), the present study did not find

evidence of pollution influencing levels of gene flow for B.

microlepidotus in the Maipo River basin. However, a

global increase in the current migration rate as compared to

the historical rate was observed, but this was not found to

be related to pollution and was not enough to homogenize

all populations within the Maipo River basin. Moreover, no

differences in NA, AR, and GD between the non-polluted

and polluted areas were detected. Klerks et al. (1997) found

a similar pattern, where no differences in the frequencies of

allozyme genotypes and heterozygosity levels among

Gobionellus boleosoma (Jordan and Gilbert) were detected

between a polluted area and a control site. For the non-

migratory fish Fundulus heteroclitus (Linnaeus), AFLP

markers distinguished populations along a gradient of

polychlorinated biphenyl contamination. For this fish,

genome-wide diversity was also preserved across study

sites, and this was due to the large effective population

sizes and/or because the mechanism for genetic adaptation

to these contaminants affected only a small number of loci

(McMillan et al. 2006). Regarding B. microlepidotus,

however, the explanation could not be a large effective

population size at the polluted populations because they

showed a low current Ne (MEL = 31.5, PEL = 42.3),

which was, in general, lower than historical values. Thus, it

is probable that pollution does not affect NA, AR, and GD

in B. microlepidotus, as confirmed by the absence of bot-

tlenecks in the populations. However, the B. microlepido-

tus population at the MEL site showed a marginal P value

(P = 0.054), which was probably due to small sample size

(see Johnson 1999). Thus, further studies in this population

could be conducted in order to clarify the effects of pol-

lution and the changes in population size over the time.

Furthermore, B. microlepidotus inhabits lakes and rivers in

Chile from 28� up to 39�S, and this gradient includes

various environments, which also indicates that this species

is able to tolerate changes and different freshwater envi-

ronments. Taken together, all of the obtained results indi-

cate that this species is tolerant to the types of pollution

found in the Maipo River basin.

Despite this, the significant reduction of the current Ne

and the endangered status of this species make it urgent to

develop a management plan for its conservation in dis-

turbed areas. Based on our analyses, we consider the

conservation of some sites away from the large city (e.g.,

PU and SFM) is a valuable strategy towards creating a

network of populations that could interact with migrants

and conserve the gene diversity of this species in the basin.

Additionally, the polluted site PEL could be an important

area to conserve due to the number of progenies exported

from here to the different populations within in the Maipo

River basin. Furthermore, we observed a greater number of

young individuals in this area as compared to the other sites

visited in the Maipo River basin, suggesting that is an

important site for this species in terms of reproduction,

which also makes it an essential site for future studies.

The present report did not find evidence to support the

claim that pollution affects gene diversity. Additionally,

sites with and without pollution did not show differences in

current migration rates when compared to historical migra-

tion rates. However, the present findings contributes to the

understanding that not all native species respond in the same

way to pollution and that case by case studies are necessary to

create an adequate management plan for specific species.

Finally, the observed tolerance to polluted environments

of B. microlepidotus could be explained by the use of non-

neutral markers. Williams and Oleksiak (2008) determined

that 1–6 % of the AFLP loci used in a study of Fundulus

heteroclitus populations exposed to chronic contamination

could be under selection or linked to areas of the genome

that are under selection due to pollution. The expression of

functional genes plays an important role in physiological

acclimation and evolutionary adaptation to diverse envi-

ronments, which would be the next step in studying how B.

microlepidotus can adapt to polluted areas.
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especies de Atherinidae del Embalse Rapel. Medio Ambiente

4:3–18 (in Spanish)

Baker RJ, Bickham AM, Bondarkoy M, Gascjak SP, Matson CW,

Rodgers BE, Wickcliffe JK, Chesser RK (2001) Consequences

of polluted environments on population structure: the bank vole

(Clethrionomys glareolus) at Chernobyl. Ecotoxicology

10:211–216

BCWQI (1996) The British Columbia Water Quality Index, Envi-

ronmental Protection Division. Ministry of Environment Gov-

ernment of British Columbia. http://www.env.gov.bc.ca/wat/wq/

BCguidelines/indexreport.html. Accessed 19 Feb 2014

Beerli P, Felsenstein J (1999) Maximum-likelihood estimation of

migration rates and effective population numbers in two

populations using a coalescent approach. Genetics 152:763–773

Beheregaray LB, Sunnucks P (2000) Microsatellite loci isolated from

Odontesthes argentinensis and the O. perugiae species group and

their use in the other South American silverside fish. Mol Ecol

9:629–644

Belfiore NM, Anderson SL (2001) Effects of contaminants on genetic

patterns in aquatic organism: a review. Mutat Res 489:97–122

Belkhir K, Borsa P, Chikki L, Goudet J, Bonhomme F (2000)

GENETIX version 4.02. Logiciel sous WindowsMT pour la

Genétique des Populations. Laboratoire Génome et Populations,
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