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Abstract. Dispersal and many other factors affect population genetic structure. In central Chile, rivers are characterised
by strong currents and transverse mountain chains, which impose physical barriers to the populations that inhabit them.
The objective of the present study was to study the population genetic structure of two widespread species of aquatic

insects, the caddisfly Smicridea annulicornis and the mayfly Andesiops torrens, in three isolated rivers, Choapa, Maipo
and Maule. The analysis of population structure, using both mtDNA (cytochrome C oxidase subunit 1, COI) and nuclear
markers (amplified fragment length polymorphism, AFLP), considered samples from within and among rivers. In
S. annulicornis, we found differentiation within and among rivers, indicating a low dispersal among the study area.

Populations of A. torrens shared haplotypes in all three rivers and no differences were found among rivers, indicating that
this species probably has more dispersal potential than does S. annulicornis; however, significant differences were
observed within rivers. Our results indicate that the transverse mountain chains are not a barrier for A. torrens, which can

disperse among rivers. Within rivers, the population structure suggests that these species are probably adapted to avoid
drift because of the torrential character of these Chilean rivers.

Additional keywords: AFLP, caddisfly, genetic structure, mayfly, mtDNA.

Introduction

The degree of connectivity between natural populations of

aquatic organisms depends on their dispersal capacity and the
barriers imposed by the topography of the area. This has been
important to the understanding of population dynamics in fluvial

systems (Malmqvist 2002; Hughes 2007; Hughes et al. 2009).
Dispersal is important in colonisation of new habitats, escaping
from unsuitable habitats and recruitment from neighbouring
populations (Smith et al. 2009). Dispersal between watersheds

may be limited by geographical distance for species that use
only water to disperse (Castric et al. 2001; Boizard et al. 2009)
and by mountains and climatic conditions for those that have a

flying stage during their life cycle (Miller et al. 2002; Smith
et al. 2009). Within basins, drift facilitates unidirectional
movement from upstream to downstream (Lampert and Sommer

2007); thus, most passive dispersal is in this direction (Pollux
et al. 2009). It has been shown that riparian vegetation also aids
in the dispersal of adults up- and downstream (Winterbourn
et al. 2007). Overall, dispersal of aquatic organisms seems to be

more frequent within than among rivers (Hughes 2007).
Insecta are among the most important organisms in the food

web of streams and rivers because of their high species richness

and abundance (Cummins 1988; Giller and Malmqvist 1998;
Culp et al. 2005). Direct estimation of dispersal and connectivity

among spatially separated populations is difficult (Bilton et al.

2001; Johnson and Horvitz 2005); nevertheless, indirect estima-

tions using different types of molecular markers have shown a
high degree of consistency with direct observations (Freeland
et al. 2003; Zickovich and Bohonak 2007). These analyses

indicate the existence of some aquatic species with highly con-
nected populations within and among rivers (Miller et al. 2002;
Monaghan et al. 2002), whereas others present little dispersal
(Schultheis et al. 2002; Wishart and Hughes 2003). There is

evidence that the presence of winged adults does not guarantee
long-distance dispersal (Galacatos et al. 2002; Schultheis et al.
2002). Overall, topography and movement of adult aquatic

insects can influence the spatial distribution of genetic variation
in freshwater insect populations (Miller et al. 2002).

The western slope of the Andes in central Chile has trans-

verse valleys and torrential rivers that flow into the Pacific
Ocean (Solbrig et al. 1984) (Fig. 1); this is a particularly suitable
area to examine the spatial structuring of the genetic variation of
populations of organisms associated with river systems. They

are short, of low order, with significant seasonal flow changes
and with no connections among them. It is estimated that these
watersheds separated completely ,8.5 million years ago, with

the uplifting of the Andes range (Charrier et al. 2007; Farı́as
et al. 2008) and the formation of mountain chains perpendicular
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to the Andes (Romero 1982). This area is also characterised by
scarce riparian vegetation and vegetation between rivers, the
latter ranging from spiny shrubs in the north to sclerophyllous

forest in the southern part (di Castri and Hajek 1976). Overall,
these physical characteristics do not appear to facilitate condi-
tions for adult dispersal among rivers.

In this area, two Neotropical species with wide geographic
latitudinal and altitudinal distributions are the ephemeropteran
Andesiops torrens (Lugo-Ortiz and McCafferty 1999) and

the trichopteran Smicridea annulicornis (Blanchard 1851).
The larval stages of these species live in rithral areas of
rapids and pools where they are notable for their abundance

and functional role as filter feeder/collectors. S. annulicornis
feeds on coarse organic particles and algae, whereas A. torrens
feeds on fine organic particles and algae (M. C. Sabando,
unpubl. data). During spring, large numbers of adults of

both species fly (Flint 1989; Angrisano and Sganga 2009;
Domı́nguez et al. 2009); however, their dispersal distances
are unknown.

Our objective was to investigate the comparative population
genetic structure of the mayfly A. torrens and the caddisfly

S. annulicornis inhabiting the same rivers in central Chile. By
using the variation of the COI region and AFLP markers, we
studied three rivers and three different sites in each river, to

investigate at what level these species structure their popula-
tions. We hypothesised that these two widespread and habitat-
generalist species would show a similar spatial pattern of high

gene flow within rivers and low gene flow among river basins,
because of the steep slopes of the rivers and the transverse
mountains between the river basins.

Materials and methods

Sampling sites

The study was performed along a latitudinal gradient in central
Chile, including three rivers, the Choapa, Maipo and Maule
(Fig. 1). During the austral spring and summer in 2007 and 2008,

we sampled specimens of S. annulicornis at three sites per river,
along an altitudinal gradient ranging from the Andes foothills
(Sites A and B) to the Central Valley (Site C). Because of the

lack of specimens in the valley site, individuals of A. torrens
were obtained only from the two foothill sites (A and B).
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Fig. 1. Sample sites of the caddisfly Smicridea annulicornis and the mayfly Andesiops torrens.
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Geographical locations sampled in the study and sample sizes
are shown in Fig. 1 and Table 1, respectively.

Sampling procedure, individual identification
and DNA extraction

We captured immature states of both species with a Surber net,
with a mesh size of 500mm and a collection area of 0.09m2

(Wetzel and Likens 2000). Twenty Surber samples were

obtained per study site. The organisms collected were preserved
in 95% ethanol until analysis. From these samples, we selected
the organisms for molecular analysis at random, identifying the

larval specimens of S. annulicornis by using the morphological
characterisation of larvae of Sganga and Fontanarrosa (2006),
and the larvae of A. torrens following Nieto (2004). Because the

presence of cryptic species of the genus Smicridea in this area of
Chile (see Pauls et al. 2010), larvae of Smicridia annulicornis

were identified by the specialist (J. Sganga, Universidad de
Buenos Aires) before mtDNA sequencing and AFLP

amplification.
A small piece (,1mg) of tissue was used for DNA extrac-

tion. From these tissues, total genomicDNAwas extracted using

the salt-extraction method described by Aljanabi and Martinez
(1997) and stored at �208C in 50 mL of water until analysis.

COI amplification

We amplified a partial region of the COI of 185 individuals
of S. annulicornis and 109 A. torrens, by using the primers

and the protocol described for insects by Simon et al. (1994)
and a Thermo thermocycler (ThermoFisher Scientific,Waltham,
MA, USA). The primers described by Simon et al. (1994)

and used in the present study were as follows: N2191 (50-
CCCGGTAAAATTAAAATATAAACTTC-30) and J1718 (50-
GGAGGATTTGGAAATTGATTAGTTCC-30). PCR products

were cleaned using QIAQuick columns (QIAGen, Mississauga,
Canada) and sequencing in both directions was performed at
Macrogen Inc. (www.macrogen.com, accessed on 22November
2010). Later, we aligned sequences by eye, using ProSeq soft-

ware (Filatov 2002), and checked them by using Multalign
online software (Corpet 1988). All sequences obtained were
published in GenBank, with the following accession numbers:

S. annulicornis: GU176003–GU176039; and A. torrens:
GU175985–GU176002.

AFLP amplification

We used 210 individuals of S. annulicornis and 119 individuals
of A. torrens for the AFLP analyses. For the amplification of
AFLP fragments, we used the protocol of Vos et al. (1995). We

amplified two combinations of selective primers (EcoRI–ACT/
MseI–CTT and EcoRI–ACC/MseI–CTC) with the MseI primer
containing the fluorescent dye. PCR products were sent to
Macrogen Inc. (www.macrogen.com), which uses ABI capillary

sequencers (Applied Biosystems, Foster City, CA, USA) to
visualise the fragments.

We estimated allele sizes against the LIZ500 standard with

Peak Scanner software (Applied Biosystems, Foster City, CA,
USA). Only clear and consistent peaks of between 75 and 500 bp
were used in the analysis, coding as 1/0 to indicate the presence/

absence of each fragment in each individual. To avoid possible
scoring errors, we used only loci with more than 1% and less than
99% polymorphism. To verify possible contamination among

samples we used negative controls, and to test the repeatability,
30 individuals were amplified more than once.

Statistical analyses

For the mtCOI sequences, we assessed genetic variation within

and among drainage basins by number of haplotypes, number of
polymorphic sites and average number of pairwise differences
by using DnaSP 4.9 software (Rozas et al. 2003). To visualise

mutational steps and differences in haplotype composition, we
constructed a haplotype network by using a median joining
algorithm with the Network software (Bandelt et al. 1999).

To determine differences within and among rivers for the
COI gene and AFLP markers, we performed a hierarchical
analysis of molecular variance (AMOVA) in Arlequin software
version 3.0 (Excoffier et al. 2005). By using sites nested within

rivers, we tested the null hypothesis of no association of genetic
structure with geographical structure. In the cases where the
AMOVA showed significant differences among and within

rivers, we assessed pairwise comparisons ofFST and determined
significance using 10 000 permutations and a level of signifi-
cance of a¼ 0.05, using the same software.

We performed the Bayesian method described by Pritchard
et al. (2000) and implemented in the program STRUCTURE
(Falush et al. 2007) to evaluate the level of population structure

Table 1. Summary of sample sizes (n), polymorphic sites (Ps), number of haplotypes (H) and average number of pairwise differences (&) of the

cytochrome C oxidase subunit 1 (COI) gene for Smicridea annulicornis and Andesiops torrens from each site and drainage basin

n.a., not available

Drainage basin Site Geographic coordinates Altitude (m above sea level) S. annulicornis A. torrens

n Ps H &� s.d. n Ps H &� s.d.

Choapa Choapa A 318550S, 708530W 786 18 1 2 0.11� 0.21 23 1 2 0.50� 0.49

Choapa B 318520S, 708570W 577 26 7 8 1.18� 0.87 17 1 2 0.51� 0.51

Choapa C 318430S, 718120W 242 25 9 10 2.03� 1.32

Maipo Maipo A 338450S, 708260W 1146 25 9 9 1.66� 1.13 15 2 3 0.38� 0.43

Maipo B 338430S, 708290W 878 20 3 4 0.97� 0.77 6 2 3 0.66� 0.68

Maipo C 338420S, 718120W 152 15 4 5 1.87� 1.27

Maule Maule A 358330S, 718130W 382 18 8 8 1.71� 1.17 25 25 10 2.65� 1.63

Maule B 358290S, 718170W 245 17 7 5 1.47� 1.05 23 12 6 2.74� 1.68

Maule C 358270S, 718520W 41 21 4 5 1.40� 1.00 n.a. n.a. n.a.
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with AFLP markers. Without considering the geographical
origin of samples, STRUCTURE estimates the most probable
number of populations for all analysed individuals. Following

the recommendations of the author for the analysis of dominant
molecular markers, the procedure was run from K¼ 1 (one
population) toK¼ 12 (12 possible populations) for each species,

repeating each analysis three times to control for potential
variations among runs. For each K-analysis, we used a burn-in
and an afterburn-in with 100 000 iterations each and the log

probability (LnP(X|K)) to infer the number of populations. The
probability for each K-analysis was estimated using the Baye-
sian rule formulae (STRUCTURE software manual p. 13).

Finally, we evaluated the effect of geography on the dispersal
of the species by correlating geographic distances (log of the
Euclidean distance) and pairwise standardised FST values
(Slatkin 1995), using both the COI gene and AFLP molecular

markers. To determine whether there has been isolation by
distance (IBD), we used the Mantel test (Mantel 1967) imple-
mented in the program GENETIX (Belkhir et al. 1996–2004).

The statistical significance of this correlation was estimated
with the permutation test option (2000 permutations) of the
software.

Results

Analyses with COI

For S. annulicornis, we sequenced 474 bp and observed 36
unique haplotypes in the 185 individuals analysed (Table 1).

No insertions or deletions were detected, so alignment was
straightforward. The transition/transversion ratio was 26 : 5; the
number of polymorphic sites ranged from 1 (Choapa A) to 9
(Choapa C and Maipo A) and the average number of pairwise

differences from &¼ 0.11 (Choapa A) to &¼ 2.03 (Choapa C)
(Table 1). For A. torrens, we sequenced 472 bp and observed 15
haplotypes in the 109 individuals analysed. The 472 bp sequence

for theCOI revealed the presence of 15 haplotypes.No insertions
or deletions were detected and the transition/transversion ratio
was 24 : 8. There were different numbers of polymorphic sites

among sampling sites, ranging from 1 (Choapa A and B) to 25
(Maule A). Values of polymorphism are given in Table 1.

When all samples were used, the AMOVA analyses revealed
significant differences in haplotype frequencies in the species
among rivers (Table 2). S. annulicornis individuals showed

significant differences among all rivers and within each river;
among rivers they did not share any haplotypes andwithin rivers
haplotype frequencies were different (Fig. 2a). Pairwise analy-
sis showed significant differences among all three sites in the

Choapa (Po0.05 for all three comparisons), between Maipo A
and B (FST¼ 0.156, Po0.001), Maipo A and C (FST¼ 0.083,
P¼ 0.02) and Maule A and C (FST¼ 0.103, P¼ 0.02) (Table 3).

Inmarked contrast to S. annulicornis,A. torrens showed a smaller
numberofhaplotypes, and the twomost commononeswere found
in all three rivers (Fig. 2b). The hierarchical molecular analysis

found no significant differences among rivers (FCT¼ 0.069,
P¼ 0.262); however, it did find differences among sites of the
same river (FSC¼ 0.245, Po0.001, Table 2). This within-river

difference was observed only at the two sites sampled from the
Maule River (FST¼ 0.225, Po0.001; Table 4).

The analysis of isolation by distance showed similar results
for both species; there was a significant relation between

Table 2. Analysis of molecular variance (AMOVA) values for Smicri-

dea annulicornis and Andesiops torrens using haplotype frequencies of

the cytochrome C oxidase subunit 1 (COI) gene and amplified fragment

length polymorphism (AFLP) markers

*Po0.05, **Po0.01

Source of variation Fixation index

COI gene AFLP

S. annulicornis

FCT (among drainages) 0.224** 0.134**

FSC (among sites within drainages) 0.115** 0.072**

FST 0.313** 0.197**

A. torrens

FCT (among drainages) 0.069 0.063

FSC (among sites within drainages) 0.245** 0.038**

FST 0.297** 0.099**

(a)

(b)

Fig. 2. Unrooted cytochrome C oxidase subunit 1 (COI) haplotype

network of (a) Smicridea annulicornis and (b) Andesiops torrens. The area

of each circle is proportional to the number of individuals. Each perpendi-

cular line between haplotypes indicates a single mutational step. Choapa

River (white circles), Maipo River (grey circles), Maule River (black

circles).
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geographic distances and genetic differences expressed as FST

(Fig. 3a, b).

Analyses with AFLP markers

AFLP fragments were amplified in all 210 individuals of
S. annulicornis. We obtained a total of 534 AFLP loci, from
which we selected 383 loci polymorphic by our criterion of
using loci with 1–99% of polymorphism. The hierarchical

AMOVA found significant differences at all structural levels;
13.39% of the total variance was explained by the difference
among rivers (Table 2). The pairwise analysis showed highly

significant differences among all sites, except for Choapa B
and Choapa C (FST¼ 0.063 P¼ 0.107; Table 5). The Bayesian
analysis with the STRUCTURE software indicated K¼ 10

(P¼ 0.99) as the most probable number of populations. The
analysis detected each sampling site in the Choapa and Maule
rivers, and found four groups in the Maipo River. This indicates

a high degree of spatial structuring, because only nine sites were
analysed.

For A. torrens, 544 AFLP loci in 119 individuals were
amplified; we selected 302 polymorphic loci for statistical

analyses. AMOVA showed results similar to those obtained
with COI, with significant differences within rivers
(FSC¼ 0.038, Po0.001) but not among rivers (FCT¼ 0.063,

P¼ 0.069, Table 2). Within rivers, there were significant
differences in Choapa (FST¼ 0.052, Po0.001), Maipo (FST¼
0.023, P¼ 0.049) and Maule (FST¼ 0.033, Po0.001; Table 6).

The Bayesian analysis indicated K¼ 3 (P¼ 0.80) as the most
probable number of populations, much lower than the number

estimated for S. annulicornis. Also, this analysis showed that the
K¼ 3 did not correspond to each river; each of the three groups
included individuals from all three rivers.

Finally, the results of the Mantel test were different for the
two species; S. annulicornis showed a marked pattern of isola-
tion by distance (Fig. 3c), whereas A. torrens had a non-
significant pattern because of the low values of FST observed

at all geographic distances (Fig. 3d).

Discussion

The principal objective of the present studywas to determine the
intra- and inter-river population genetic structure in two aquatic

insects of central Chile. As shown by the variability of the COI
sector of mtDNA and AFLP markers, there were clear differ-
ences between the two species studied; there was greater spatial
genetic structure in the trichopteran S. annulicornis than in the

ephemeropteran A. torrens.
The caddisfly S. annulicornis is one of the most conspicuous

species in Chile; it is found from the desertic region (288S) to
at least 458S in the humid region. It also has a wide altitudinal
range, inhabiting mountain streams from over 3000-m altitude
to sea level (Flint 1989; Rojas 2006; Pauls et al. 2010). Although

the species has a wide distribution, we found genetic structure
in populations both within and among rivers with different
frequencies of alleles (in AFLP) and haplotypes (COI gene)

for almost all sites analysed. This suggests a low degree of
connection among areas and a population structure mainly
driven by genetic drift consistent with the Death Valley model
of population structure (see Mullen et al. 2010). This fact is

Table 3. Smicridea annulicornis pairwise FST (above diagonal) and P-values of the permutation test (below diagonal) for the cytochrome C oxidase

subunit 1 (COI) gene

*Po0.05, **Po0.01

Site Choapa A Choapa B Choapa C Maipo A Maipo B Maipo C Maule A Maule B Maule C

Choapa A 0.156** 0.328** 0.500** 0.579** 0.560** 0.536** 0.637** 0.631**

Choapa B 0.00586 0.065* 0.243** 0.299** 0.255** 0.249** 0.338** 0.352**

Choapa C 0.00000 0.01367 0.150** 0.204** 0.155** 0.152** 0.241** 0.258**

Maipo A 0.00000 0.00000 0.00000 0.156** 0.083* 0.180** 0.269** 0.285**

Maipo B 0.00000 0.00000 0.00000 0.00000 0.039 0.237** 0.331** 0.345**

Maipo C 0.00000 0.00000 0.00000 0.01562 0.14062 0.187** 0.285** 0.302**

Maule A 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.068 0.103*

Maule B 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.05664 �0.017

Maule C 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.01953 0.53027

Table 4. Andesiops torrens pairwise FST (above diagonal) and P-values of the permutation test (below diagonal) for the cytochrome C oxidase

subunit 1 (COI) gene

*Po0.05, **Po0.01

Site Choapa A Choapa B Maipo A Maipo B Maule A Maule B

Choapa A 0.048 0.091 0.173* 0.036 0.336**

Choapa B 0.11523 0.326** 0.430** 0.165* 0.354**

Maipo A 0.05957 0.00391 �0.001 0.080* 0.501**

Maipo B 0.01758 0.00098 0.59082 0.155* 0.598**

Maule A 0.09668 0.00195 0.03027 0.00195 0.225**

Maule B 0.00000 0.00000 0.00000 0.00000 0.00000
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supported also by the effect of geographic distance in the genetic
divergence among population obtained in the IBD analysis.

Other studies in caddisflies have shown patterns of population
spatial structure similar to our results. By using allozyme and
RAPD variation, small-scale patterns of spatial population
structure were found in Helicopsyche borealis in northern

California and in H. orientalis in eastern Japan (Jackson and
Resh 1992;Watanabe et al. 2008). Direct measurements of adult
flight distance also showed low dispersal of some alpine species

of Trichoptera (Finn and Poff 2008). In contrast, some species
show population structuring only at a scale greater than,20 km,
such as Tasiagma ciliata from the rainforest of south-eastern

Australia (Hughes et al. 1998), Orthopsyche fimbriata from
western-central North Island of New Zealand (Smith and Smith

2009) and Plectrocnemia conspersa from Europe (Wilcock
et al. 2003). Interestingly, physical barriers such as waterfalls

may also be an obstacle for the larval dispersal for caddisflies
(e.g. Schultheis et al. 2008). Overall, the present evidence shows
no general pattern of dispersal and population structure in
trichopteran species (see also Lehrian et al. 2009; Pauls et al.

2009), indicating that population structure needs to be examined
case by case.

The mayfly A. torrens is also a species widely distributed in

Chile, from 318S to 548S, although mostly in mountain streams
and rivers (Lugo-Ortiz and McCafferty 1999; Camousseight
2001). In this species, the hierarchical analysis with COI and

AFLP and the Bayesian analysis with AFLP did not detect
significant differences among rivers, which shared the same

Table 5. Smicridea annulicornis pairwise FST (above diagonal) and P-values of the permutation test (below diagonal) for amplified fragment length

polymorphism (AFLP) loci

*Po0.05, **Po0.01

Site Choapa A Choapa B Choapa C Maipo A Maipo B Maipo C Maule A Maule B Maule C

Choapa A 0.121** 0.015** 0.197** 0.180** 0.187** 0.234** 0.233** 0.265**

Choapa B 0.00000 0.063 0.222** 0.189** 0.197** 0.275** 0.270** 0.316**

Choapa C 0.00000 0.10675 0.187** 0.154** 0.167** 0.220** 0.221** 0.250**

Maipo A 0.00000 0.00000 0.00000 0.062** 0.108** 0.132** 0.177** 0.205**

Maipo B 0.00000 0.00000 0.00000 0.00000 0.051** 0.113** 0.127** 0.157**

Maipo C 0.00000 0.00000 0.00000 0.00000 0.0000 0.143** 0.117** 0.152**

Maule A 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.064** 0.087**

Maule B 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.051**

Maule C 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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(d) A. torrens using amplified fragment length polymorphism (AFLP) variation.
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dominant haplotypes of the COI gene. In spite of the presence
of transverse mountains between the studied rivers, our results

indicate that this species has a high connectivity between
populations in different rivers. A similar pattern of population
structure has been described for the mayflies Bungona narilla in

the rainforest of Queensland (Hughes et al. 2003a) and Baetis

bicaudatus in the Rocky Mountains in Colorado (Hughes et al.
2003b); however, other species did not show the same pattern
when they were studied by direct measurement of dispersal

potential (Finn and Poff 2008). As was observed for the caddis-
fly species, the physical barriers also play an important role in
both larval and adult mayfly dispersal (e.g. McLean et al. 2008).

Here again, the population structure must be analysed case by
case.

Pattern within basins

With regard to the connectivity within rivers, where most gene
flowmay occur (Gibbs et al. 1998), it has been hypothesised that
the upstream dispersal of adults would counterbalance the effect

of the downstream drift of larval states. Although this balance
has been observed in some species of mayflies (Hershey et al.

1993, 2003a, 2003b), it has not been described as a general
phenomenon for aquatic insects. Considering our genetic

information for both themayfly and the caddisfly, the difference
in allele and haplotype frequencies appears to indicate that
upstreammigration and downstream drift are not frequent. Both

mtDNA and AFLP analysed in the present study showed little
evidence of population connectivity, even between sites sepa-
rated by only ,10 km within rivers; thus, the torrential char-

acteristics of these river flows do not appear to be important in
mixing geographical populations within each basin. The steep
slope and changes in seasonal water flow in the studied Chilean

systems may generate a better adaptation of larvae and nymphs
to adhere to the substrate, thus avoiding high downstream drift.
In Australia, direct measurements also showed low drift rate for
larvae of the trichopteran Tasiagma (Bunn and Hughes 1997).

Our results also suggest that adults of these species do not move
far within each river. An explanation for the low adult move-
ment may be the lack of vegetation, which is an important factor

in the dispersal of the winged adults of other aquatic insects
(Sweeney 1993; Petersen et al. 2004; Winterbourn et al. 2007).
The studied area in central Chile has a Mediterranean climate,

dry and warm during spring and summer; it is also characterised
by scarce and fragmented vegetation in the riparian habitat.
During spring, our field observations showed that adults fly very

close to the scarce riparian vegetation, probably avoiding the
high temperature and low humidity outside of this zone. Overall,

the adherence of the larvae because of the steep slopes and the
low dispersal of the adults as a result of the absence of vegetation
are some of the hypotheses that should be tested directly in these

rivers by means of the experimental field studies.

Among-basin pattern

At this larger geographical scale, mayfly and caddisfly species

showed marked differences in population structure. AMOVA
analysis performed with both COI and AFLP markers showed
differences among rivers for S. annulicornis, but not for
A. torrens. Similarly, Bayesian analysis showed a larger number

of possible populations for S. annulicornis than for A. torrens,
and the IBD analysis showed apparent clear migration-drift
equilibrium among populations of the caddisfly and a non-

significant Mantel test for the mayfly, at least for the AFLP
markers. All this evidence has clearly shown that A. torrens has
the potential to disperse among rivers and this potential could be

due to a sex-biased dispersal, with males dispersing more than
the females. Because this is the first study performed in these
insects in this part of South America, we do not have compar-
isonswith other studies performed in the same or anothermayfly

species in this area.
Our analysis showed also that A. torrens individuals appear

to have more contact among rivers than within the same river. A

similar pattern of spatial structure was observed byHughes et al.
(2003a) in the mayfly Bungona narilla, suggesting that this
pattern is not unique and mayfly adults conserve a capacity to

disperse in the present. B. narilla and A. torrens showed similar
and contrasting patterns of low differentiation among catch-
ments when the analyses were performed, with mtDNA and a

high differentiation among catchments when the analyses were
performed with nuclear markers (allozymes and AFLP, respec-
tively). Hughes et al. (2003a) explained that this difference
could be due to insufficient time to reach gene flow–genetic drift

equilibrium in the nuclear marker. A different lateral capacity of
dispersal was described for some species in alpine habitats; Finn
and Poff (2008) found that at least one species (Ameletus celer)

does not decrease dispersal movement with distance. Although
we still do not have a clear explanation for A. torrens, direct
studies of migration such asmark–recapture would be necessary

to explain this pattern of genetic structure.
The results of the present study have shown the importance of

the knowledge of connectivity of each species inhabiting fluvial

Table 6. Andesiops torrens pairwise FST (above diagonal) and P-values of the permutation test (below diagonal) for amplified fragment length

polymorphism (AFLP) markers

*Po0.05, **Po0.01

Site Choapa A Choapa B Maipo A Maipo B Maule A Maule B

Choapa A 0.052** 0.097** 0.110** 0.106** 0.077**

Choapa B 0.00000 0.169** 0.147** 0.141** 0.123**

Maipo A 0.00000 0.00000 0.023* 0.042** 0.028*

Maipo B 0.00000 0.00000 0.04980 0.014** 0.060

Maule A 0.00000 0.00000 0.00030 0.00000 0.033**

Maule B 0.00000 0.00000 0.02110 0.09199 0.00010
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communities. The two species studied appear to have a different
pattern of dispersal that depends neither on phylogeny nor

geographical location. In this context, the genetic structure
found for these insects within and among rivers should be
considered as an important element in future programs of

conservation and restoration of mountain-river habitats with
large changes in river flow, as is the case in central Chile.
Considering the seasonal changes in the water-flow regime

predicted under a climatic change scenario in this part of Chile
(Vicuña et al. in press), our data showed that natural recovery
could be possible for A. torrens but not for S. annulicornis.
Quezada-Romegialli et al. (2010) demonstrated a contrasting

pattern of spatial genetic structure of two fish species in the
same area, with one species (silverside) using the coast to cross
between drainages, maintaining population connectivity and the

other (a catfish) not using marine routes for dispersal thus their
populations become disconnected with the separation of the
river basins during the Andes uplift. This evidence showed

that not all of the components of the river community have the
potential to recover their habitat after perturbation, endangering
the persistence and resilience of the communities.
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