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Little is known about the freshwater fishes of western Ecuador despite serious environmental threats, including the
creation of large artificial impoundments. Phenotypic and genetic divergence of populations of a large predatory fish,
Hoplias microlepis, is examined in rivers and artificial impoundments of the Guayas River drainage in western Ecuador.
Despite the recent formation of the impoundments (,20 years prior to the sampling), H. microlepis in these habitats
diverged morphologically from river populations. Impoundment fish tended to have larger eyes, longer dorsal and
caudal fins, and thinner bodies than river fish. Classification rates for habitat of origin based on morphometric
measures were relatively high (71.7–83.3%), and the magnitude of morphological divergence was substantial when
contrasted with divergence from H. malabaricus, a congener from eastern Ecuador. Frequencies of mtDNA d-loop
haplotypes differed significantly among samples. Genetic divergence between river samples implies that the genetic
structure in the drainage predates the formation of the impoundments. The genetic analysis also indicates that the
morphological divergence between fish in different habitat types is not likely due to shared ancestry. Genetic diversity
tended to be higher in the river samples, and the percentage of private alleles was higher in the impoundment
populations, which is consistent with rapid population expansion from a limited number of founders in impoundments.

C
ONCERNS over the impacts of humans on the
environment have a long history in biology (Leo-
pold, 1949; Elton, 1958; Carson, 1962). Increases in

human population sizes combined with technological
advances have resulted in enormous impacts on ecosystems
with few portions of Earth left to their natural state
(Vitousek et al., 1997). Many of the most severely impacted
areas remain poorly studied. This is the case for western
Ecuador, a strip of land west of the Andes Mountains in
northwestern South America (Fig. 1). Because of its relative
isolation, western Ecuador exhibits significant levels of
endemism of plants and animals, including fishes (Eigen-
mann, 1921a, 1921b; Roberts, 1973; Vari, 1989; Barriga,
1991; Albert and Crampton, 2003). However, this region
also harbors the densest human populations in the country.
As a consequence of human activities, the region is highly
disturbed. For example, Wilson (1988) highlighted the
region as an example of rapid deforestation because of the
development of agricultural plantations. In addition, nu-
merous dams and impoundments have been built, a major
form of habitat transformation that is known to have large
ecological impacts (Baxter, 1977; World Commission on
Dams, 2000; Anderson et al., 2006).

The Guayas River drainage is the largest drainage system
in western Ecuador and is representative of the region. It
drains an area of approximately 32,214 km2 between the
Coastal Mountain Range and the Andes Mountains south to
the Gulf of Guayaquil (Fig. 1). Precipitation in the region
varies seasonally with rain falling most heavily between
January and April and relatively dry conditions occurring

the rest of the year. The drainage basin includes several
artificial impoundments resulting from the recent construc-
tion of dams. Two of the more important impoundments
are the Daule-Peripa impoundment and the Chongon
impoundment. The Daule-Peripa impoundment is the
largest lake in western Ecuador and was built in the
northernmost part of the Guayas River drainage primarily
for the generation of hydroelectric power. It has a surface
area of 270 km2, contains about 5.4 billion m3 of water, and
has a maximum depth of 75.8 m. Construction of the dam
was completed in 1987. The Chongon impoundment is
located in the southernmost portion of the Guayas River
drainage, approximately 26 km from Guayaquil. The
impoundment is much smaller than the Daule-Peripa
impoundment and has a surface area of 25.76 km2, contains
273.6 million m3 of water, and has a maximum depth of
35 m. Construction of the dam ended in 1990. Its primary
purpose is to serve as a water reservoir for use in agriculture
in the Peninsula of Santa Elena, a dry coastal zone to the
west of the impoundment.

The fish fauna of the Guayas drainage basin, and western
Ecuador in general, is depauperate compared to other
tropical freshwater systems in South America, likely because
of the small size of most rivers. Its relative isolation also
inhibits immigration of species from other regions into the
area. Barriga (1991) listed approximately 150 species of
freshwater fishes from western Ecuador, including second-
ary freshwater fishes; however, the fish fauna includes many
endemic species (Albert et al., 2011) and serves as a major
source of protein for the inhabitants of the region (Laaz
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et al., 2009). Much remains to be learned about the
freshwater fishes in the region. Scientific studies have been
sporadic (Fowler, 1911; Bohlke, 1958; Barnhill and Lopez-
Leon, 1974; Glodek, 1978; Barriga, 1991; Albert and
Crampton, 2003; Musilová et al., 2008), with virtually no
information existing on the ecology or the evolutionary
history of most species in the region. Given the environ-
mental problems, there is an urgent need for scientific
studies of the fishes in the region.

In this study, we examine phenotypic and genetic
variation of Hoplias microlepis collected from two river sites
and two impoundments in the Guayas River drainage.
Hoplias microlepis is a large characiform fish in the family
Erythrinidae that grows to about 36 cm standard length

(Oyakawa, 2003). In Ecuador, H. microlepis occurs in the
Guayas River drainage (Barriga, 1991), where it is an
aggressive predator close to the apex of the food web and
a popular food fish consumed by people in rural areas
despite high rates of parasitic infection (Jiménez and Alava,
2009). Hoplias microlepis also occurs in Panama and Costa
Rica in Central America (Bussing, 1998). A widely distribut-
ed congener, Hoplias malabaricus, has been reported from
the Guayas River historically (Glodek, 1978); however, this
appears to be an error. The two species can be distinguished
by scale counts along the lateral line, with H. microlepis
having smaller and more numerous scales (Glodek, 1978).
Hoplias malabaricus does not appear to occur in the Guayas
River drainage and is likely restricted to the Amazon Basin
(east of the Andes) in Ecuador. Outside of Ecuador, H.
malabaricus has one of the widest distributions of any
Neotropical fish occurring in most major rivers from Central
America to Argentina (Oyakawa, 2003) and may constitute a
species complex (Bertollo et al., 2000).

Meristic and morphometric traits were measured to
examine morphological divergence of H. microlepis in
different parts of the drainage and in contrasting habitat
types, river sites and artificial impoundments. To establish a
comparative metric of the magnitude of morphological
divergence among geographic samples of H. microlepis, the
same traits were measured from museum specimens of the
nominal species Hoplias malabaricus collected east of the
Andes in the Napo drainage of Ecuador. The evolutionary
history of Hoplias spp. in northwestern South America is
unknown, making comparison of samples of H. microlepis to
its sister species impossible. Hoplias malabaricus from eastern
Ecuador were chosen because of their geographic proximity,
availability in museum collections, and because there is no
doubt that they have been separated from H. microlepis for
millions of years. It is worth noting that the comparison
with H. malabaricus from eastern Ecuador is intended to
provide a simple comparative measure with a geographically
proximal species. This measure may well differ depending
on the species used for comparison. Genetic diversity and
divergence among geographic samples of H. microlepis was
also examined by sequencing a 591 bp fragment of the
mitochondrial d-loop or control region.

Previous research on population genetic structure and
adaptation of Neotropical fishes to new environmental
conditions allows for some predictions to be made. First,
populations of H. microlepis are expected to be substantially
less divergent morphologically from one another than any
are from H. malabaricus, because Hoplias in western and
eastern Ecuador have been separated for millions of years
since the rise of the Andes. The magnitude of intraspecific
divergence of populations of H. microlepis in different
habitats relative to interspecific divergence between H.
microlepis and geographically proximal H. malabaricus will
be informative. Second, because Hoplias are relatively
sedentary fish not prone to long migrations (Rodrigues
Blanco et al., 2010), we expect to find significant divergence
in mtDNA haplotype frequencies among samples of H.
microlepis collected in different parts of the Guayas drainage.
Population genetic structure in freshwater fish species is very
common, and substantial genetic divergence has been
documented among allopatric populations of Hoplias in
other parts of South America (Bertollo et al., 2000; Dolores
Peres et al., 2002; Santos et al., 2009; Rodrigues Blanco et al.,
2010). Population genetic structure in this study is expected

Fig. 1. Collection sites for Hoplias microlepis. Inset indicates position
of Guayas River drainage in western Ecuador. Symbols indicate the four
collection sites: two artificial impoundments, Daule-Peripa and Chon-
gon; and two river sites, Quevedo River and Babahoyo River. Guayaquil
indicates the position of the city of Guayaquil, and Daule River and
Babahoyo River indicate the two major tributaries forming the Guayas
River. Scale bar is 20 km.
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to be associated with geographic distance (that is, the ease
with which genes can be exchanged) and not habitat type.
The latter would be suggestive of the presence of incipient or
cryptic species. Third, the formation of artificial impound-
ments is known to have major impacts on aquatic
communities, and we suspect that the morphology of H.
microlepis inhabiting the impoundments may be diverging
from those inhabiting more natural river sites. This is in
accordance with several recent studies that have document-
ed both morphological and genetic shifts of fish populations
in impoundments (Bessert and Ortı́, 2008; Palkovacs et al.,
2008; Haas et al., 2010). Although the impacts of dams on
fish community structure has been relatively well docu-
mented, how river fish adapt morphologically and physio-
logically to life in artificial impoundments has not been well
studied and is a major direction for future research.

MATERIALS AND METHODS

Samples and field sites.—Samples of 30 specimens of H.
microlepis were purchased in July of 2008 from fishermen at
four sites in the Guayas River drainage (Fig. 1): the Daule-
Peripa impoundment, the Quevedo River at the city of
Quevedo, the Chongon impoundment, and the Babahoyo
River at the city of Babahoyo. With the exception of the
Quevedo site, the purchase of the fish was pre-arranged with
fishermen to ensure that the specimens were collected
locally. The specimens from the Quevedo site were freshly
caught (not frozen or on ice) and purchased from fishermen
selling the specimens on the side of the road who indicated
that the fishes were of local origin. The four sites were chosen
to be broadly distributed throughout the drainage (north to
south) and include river and artificial impoundment habitat.
The specimens were deposited in the University of Guaya-
quil’s Natural History Museum (MUGT). Thirty specimens per
site were used in the morphological analysis and 25
specimens per site were used in the genetic analysis. Thirty-
one specimens of the nominal species H. malabaricus from
northeastern Ecuador included for comparative analysis were
measured at the Field Museum of Natural History (FMNH).
The specimens were collected from different sites in the Napo
River drainage covering a geographical area that is compara-
ble to that of the Guayas River drainage.

Morphological analyses.—Five meristic traits were scored: the
number of dorsal-fin rays, the number of anal-fin rays, the
number of pectoral-fin rays, the number of scales along the
lateral line, and the number of scales in a dorsal series from
one lateral line to the other counted posterior to the dorsal
fin (Glodek, 1978). Counts were tested for significant
divergence among the four geographic samples of H.
microlepis and H. malabaricus with an R 3 C test of
independence (Sokal and Rohlf, 1995) as performed in
BIOMstat 3.30o (Exeter Software, Setauket, NY; http://www.
exetersoftware.com/cat/biomstat/biomstat.html). Williams’
correction for the G statistic (Gw) was employed.

Twenty morphometric measures were taken along the left
side of the body with Fowler digital calipers to tenths of a
millimeter, and were ln-transformed and centered (means
subtracted) for analysis. The measures taken follow Hubbs
and Lagler (2004) unless otherwise specified: standard
length (SL), head length (HL), eye length (EL), snout length
(SNTL), length of upper jaw (LUJ), predorsal length (PDL),
pectoral fin to pelvic fin (PCT-PLV)—origin of the pectoral
fin to origin of the pelvic fin, pelvic fin to anal fin (PLV-

AF)—origin of the pelvic fin to insertion of the anal fin,
length of the pectoral fin (LPCTF), length of the pelvic fin
(LPLVF), length of longest dorsal ray (LLDR), length of
dorsal base (LDB), length of anal base (LAB), length of
longest anal ray (LAR), length of caudal peduncle (LCP),
body depth (BD)—measured from the insertion of the first
dorsal-fin ray, depth of caudal peduncle (DCP), caudal fin
length (CFL)—end of the last caudal vertebra to the
posterior tip of the caudal fin along the long axis of the
body, body width (BW)—measured dorsally between the
origins of the pectoral fins, interorbital width (IOW).

A principal component analysis (PCA) was carried out in
MATLAB 6.5 (MathWorks Inc., Natick, MA; http://www.
mathworks.com/products/matlab/) to explore body shape
variation among the samples. Principal component analysis
is an ordination technique commonly used to reduce the
dimensionality of multivariate data sets by searching for
patterns of covariation among the original variables. It has
been routinely applied to explore patterns of morphological
variation in fishes (Bookstein et al., 1985). We also
conducted a discriminant function analysis (DFA) as
implemented in SPSS 11.0.0 (IBM, Armonk, NY; http://
www-01.ibm.com/software/analytics/spss/) to specifically
examine morphological divergence between predefined
groups. The DFA was conducted to examine morphological
divergence between H. microlpeis from western Ecuador and
H. malabaricus from eastern Ecuador, and between H.
microlepis from river and impoundment sites. To control for
differences in size among samples, the morphometric
measures were size corrected using Burnaby’s method
(Burnaby, 1966; Rohlf and Bookstein, 1987). Principal
component 1 (PC1) was used as the size vector. PC1 exhibited
high positive correlations with all the original variables
(range 5 88.88–98.49%, average 5 94.72%) and accounted
for 92.51% of the variance in the data, which is typical for size
vectors. Prior probabilities were obtained from group sizes
and a leave-one-out classification was implemented. The
leave-one-out classification classifies each specimens with
functions derived from all specimens except the one being
classified. To examine the magnitude of morphological
divergence among geographic samples, pairwise Euclidean
and Mahalanobis distances (Zelditch et al., 2004) between
size-corrected sample means were calculated. The pooled
within-group covariance matrix for the Mahalanobis distance
was calculated in NTSYSpc 2.11W (Exeter Software, Setauket,
NY; http://www.exetersoftware.com/cat/ntsyspc/ntsyspc.
html). A test of homogeneity of covariance matrices indicat-
ed that these differed significantly among geographic
samples (X2

corr 5 1005.938, P , 0.001), so Euclidean distances
are emphasized in the results and discussion.

Genetic analyses.—Fin clips from 25 specimens per popula-
tion of H. microlepis were preserved in 95% ethanol in the
field. In the lab, pectoral-fin clips were placed in a mixture
of tissue digestion buffer (10 mM Tris, pH 8.0, 100 mM
NaCl, 10 mM EDTA, 0.5% SDS) and proteinase K (20 mg/ml),
and incubated at 55uC overnight. The next day, the DNA
was isolated using a 25:24:1 phenol:chloroform:isoamyl
alcohol solution. The mixture was centrifuged (13,750 g
for 10 min) to separate the DNA, which was then washed in
100% and 70% ethanol. DNA was re-suspended in 100 ml of
TE and diluted to a 1:50 working stock in water.

The mitochondrial d-loop was chosen because of its high
mutation rate and because it has been commonly used to
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study divergence among populations. The primers used to
amplify a 591 bp region of the d-loop were: PRO5-ST-F: 59—
TCA CCC TTA ACT CCC AAA GC—39 and WCR3-R: 59—
GAA CGC CTT GGC ATG GTG—39. The PRO5-ST-F primer is
in the threonine tRNA flanking the 59 portion of the d-loop
and was taken from Palumbi (1996). The WCR3-R primer
was designed in a conserved sequence block of aligned d-
loop sequences from seven characiform fishes (Chalceus
macrolepidotus [NC_004700], Phenacogrammus interruptus
[AB054129], Myloplus planquettei [EF601861], Pristobrycon
striolatus [AF284463], Pygocentrus nattereri [DQ384770], Ser-
rasalmus sp. [EF492141], and Tometes lebaili [EF601859])
downloaded from GenBank.

PCR reactions were carried out in 30 ml volumes consisting
of 1X PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl),
2 mM MgCl2, 0.25 mM dNTP (Invitrogen), 0.35 mM primers,
1 unit of Taq DNA polymerase (Invitrogen), and approxi-
mately 50 ng of template DNA. PCR conditions consisted of
one cycle at 95uC for 1 min 45 s, 55uC for 45 s, and 72uC for
45 s; followed by four cycles of 94uC for 45 s, 55uC for 45 s,
and 72uC for 45 s; then 30 cycles of 92uC for 30 s, 55uC for
45 s, and 72uC for 45 s; and a final extension of 72uC for
7 min. PCR products were purified using ExoSAP-IT (USB
Corporation). Forward and reverse strands were sequenced
on a capillary sequencer at the High-Throughput Genomics
Unit at the Department of Genome Sciences, University of
Washington. Forward and reverse sequences were aligned,
checked for errors, and contigs were constructed with
Chromas Lite (Technelysium, Pty Ltd., South Brisbane,
Queensland, Australia; http://www.technelysium.com.au/
chromas_lite.html). Haplotype sequences were deposited
in GenBank under the accession numbers HQ234918–
HQ235017.

Sequences were aligned with ClustalW as implemented in
BioEdit 7.0.9.0 (Hall, 1999) and alignments were manually
inspected to correct alignment errors associated with the
large indels. A maximum parsimony median jsoining tree
depicting relationships among haplotypes was constructed
using Network 4.5.1.6 (Fluxus Technology Ltd., Suffolk,
England; http://www.fluxus-engineering.com/sharenet.

htm). Transversions were weighted three times over transi-
tions, indels were not weighted, the default Connection
Cost distance calculation method and the post-processing
MP calculation were used, and epsilon values of 0 to 50 were
evaluated and a value of 50 was employed. Zero to three
large tandemly repeating indels 34 bp in length occurred in
the sequences (see Results), resulting in four highly
divergent haplotype classes. For convenience, each of these
haplotype classes was assumed to have a single evolutionary
origin and not down-weighted in the Network analysis. This
provided a classification scheme for the haplotypes and
aside from the visual display of the haplotype network, the
weighting scheme for the indels does not have a major
impact on the results because the other analyses are based
on differences in allele frequencies, not the magnitude of
the difference between alleles. Allelic diversity (A, the
number of alleles per population) and the effective number
of alleles (Ne, calculated as 1*(gpi

2)21, where pi is the
frequency of the ith allele) were calculated for each
population (Frankham et al., 2002), as were the percentage
of private alleles (the number of alleles exclusively found in
the ith sample divided by the total number of alleles in the ith

sample multiplied by 100) and haplotype diversity (H,
calculated as N(1–Spi

2)*(N–1)21, where pi is the frequency
of the ith allele and N is the number of individuals in the
sample). Tests of sample divergence and calculation of
genetic distances among populations were conducted in in
Arlequin 3.5.1.2 (Excoffier et al., 2005). Exact tests of
population divergence between pairs of geographic samples
were carried out with values for the number of steps in the
Markov chain and the number of dememorization steps set
to 100,000 and 10,000, respectively. Pairwise FST values were
also calculated. AMOVA was employed to examine the
components of genetic variation associated with divergence
among individuals within sites, divergence among sites, and
divergence between impoundment and river sites.

RESULTS

Morphological divergence.—The meristic traits exhibited
variation among the H. microlepis sampled (Table 1), but

Table 1. Counts for Hoplias microlepis and H. malabaricus. Babahoyo and Quevedo are river sites; Chongon and Daule-Peripa are impoundment
sites.

Fin counts Dorsal rays Anal rays Pectoral rays

Species Site 13 14 15 9 10 11 11 12 13 14 15 16

H. microlepis Babahoyo 4 24 2 0 29 1 0 1 6 17 6 0
H. microlepis Chongon 5 25 0 0 30 0 0 1 5 9 15 0
H. microlepis Quevedo 1 29 0 2 27 1 0 0 1 18 10 1
H. microlepis Daule-Peripa 1 28 1 0 30 0 0 1 1 14 14 0
H. malabaricus Napo 9 22 0 2 29 0 1 3 18 9 0 0

Scale counts Lateral line scales
Scales in a

dorsal series

Species Site 38 39 40 41 42 43 44 45 46 9 11

H. microlepis Babahoyo 0 0 0 0 0 6 12 11 1 0 30
H. microlepis Chongon 0 0 0 0 0 1 15 12 2 3 27
H. microlepis Quevedo 0 0 0 0 0 4 15 8 3 0 30
H. microlepis Daule-Peripa 0 0 0 0 0 2 14 12 2 1 29
H. malabaricus Napo 3 18 7 3 0 0 0 0 0 31 0
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the differences among sites were not statistically significant
for any of the meristic traits (R 3 C test of independence,
P . 0.05 in all cases). Significant differences between H.
microlepis and H. malabaricus were documented for three of
the five meristic traits, pectoral fin counts, lateral line scale
counts, and transverse (dorsal) series scale counts, which
were all greater in H. microlepis (P , 0.001 for all tests).
Difference in body shape among geographic samples of H.
microlepis were subtle when morphometric measures were
examined individually, but divergence became more appar-
ent under the multivariate analysis. Size (PC 1) accounted
for the vast majority of the variation in the data (92.51%) as
is typically the case when analyses include specimens
differing considerably in size (the size range of the
specimens included in this study was 134–329 mm SL).

PCs 2, 3, 4, and 5, accounted for 1.65, 1.16, 0.80, and 0.52%

of the variance respectively, which translated to 22.0, 15.4,
10.7, and 6.9% of the shape variation (total variation—
variation due to size as inferred from PC 1). Because only
PCs 2 and 3 accounted for over 1% of the original variation
in the data, we restrict our analyses to these principal
components. Hoplias malabaricus occupied a different por-
tion of the morphospace formed by PCs 2 and 3 than H.
microlepis (Fig. 2A). Scores along PC2 largely overlapped
with those of H. microlepis, especially H. microlepis from
impoundments, but H. malabaricus tended to have higher
scores on PC 3. As a consequence, there was relatively little
overlap between species. Overlap was much greater among
samples of H. microlepis. However, samples tended to
segregate by habitat, in a direction that was diagonal to PC

Fig. 2. Morphometric analysis of samples of H. microlepis and H. malabaricus. (A) Principal component analysis (PCA) of all samples indicating the
distribution of the samples along the two major axes of body shape variation. Percentages are the amount of shape variation accounted for by each
PC. Inset shows sample means, and error bars are 95% confidence intervals of the mean. (B) Discriminant Function Analysis (DFA) of river H.
microlepis, impoundment H. microlepis, and Amazonian H. malabaricus. (C) DFA of river and impoundment H. microlepis. DF2 is plotted against
standard length to highlight morphological divergence among river and impoundment H. microlepis in relation to body size.
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I. Most specimens from the river sites tended to have higher
scores along both PCs 2 and 3 than specimens from
impoundment sites. The means for the Babahoyo and
Daule-Peripa specimens were at the extremes of the morpho-
space, specimens from the Quevedo River and Chongon
impoundment sites were more intermediate.

The DFA yielded similar results, with the divergence
among geographic samples accentuated. As was the case in
the PCA, specimens of Hoplias microlepis and H. malabaricus
segregated almost completely along DF1, with only a few
specimens overlapping (Fig. 2B). Using the leave-one-out
classification method, 97.5% of the H. microlepis and 80.6%

of the H. malabaricus were classified correctly. The three
misclassified H. microlepis were from three different sites
(Babahoyo, Quevedo, and Daule-Peripa) and none were
specimens with nine scales in a dorsal series. The divergence
among river and impoundment H. microlepis was much
stronger than was the case in the PCA and specimens
exhibited little overlap along DF2 (Fig. 2C). Using the leave-
one-out classification method, 71.7% of the river fish and
83.3% of the impoundment fish could be classified correct-
ly. The percentage of specimens that could correctly be
classified to site of origin varied between 46.7% (Quevedo)
and 66.7% (Babahoyo), with an average of 59.2% (Table 2).
For three of the four sites, the highest percent of misclas-
sified specimens was assigned to the site from the same
habitat type. The exception was the Quevedo River sample,
for which the highest percentage of misclassified specimens
(26.7%) were assigned to the Chongon impoundment
sample.

A correlation analysis between the size-corrected morpho-
metric variables and the discriminant function scores was
used to identify the variables most strongly associated with
body shape divergence between samples (Table 3). The
morphometric variables that were most strongly correlated
(r . 0.45) with the main axis of divergence between H.
malabaricus and H. microlepis (discriminant function I) were
eye length, snout length, length of upper jaw, and length of
the pectoral fin, all smaller in H. microlepis than H.
malabaricus, and pectoral fin to pelvic fin and length of
caudal peduncle, all greater in H. microlepis than in H.
malabaricus. The morphometric traits that were most
strongly associated with the axis of divergence between
river and impoundment H. microlepis were a different set of
variables with the exception of eye length. Eye length,
length of longest dorsal ray, and caudal fin length were
larger in impoundment fish than in river fish, while the
length of the pelvic fin to anal fin, body width, and
interorbital width were smaller in impoundment fish.

Euclidean distances (De) among size-corrected mean traits
for geographic samples of H. microlepis indicate that the
Babahoyo sample was the most phenotypically distinct
(average Euclidean distance from the other sites 5 0.151)
and the Quevedo sample was the least phenotypically
distinct (average De 5 0.102) from the other samples
(Table 4). Euclidean distances indicated that the impound-
ment samples were a bit more similar to H. malabaricus
(average De 5 0.172) than the river samples (average De 5

0.193). The two impoundment samples were also more
similar to one another than to either of the river samples,
although the De between the Chongon and Quevedo
samples was very close (De for CH-DP 5 0.095, De for CH-
QU 5 0.101). Finally, the phenotypic divergence between
the two impoundments sites and the two river sites (average
De 5 5 0.142) was large when compared to the average
divergence between the two river samples and the sample of
H. malabaricus (average De 5 0.193), constituting about
73.6% of the latter. The overall pattern of divergence was
similar when Mahalanobis distances were used (Table 4),
except that the Quevedo sample was slightly closer to the
Chongon sample than the Daule-Peripa sample was (2.001
vs. 2.187).

Genetic diversity and divergence.—There were 30 haplotypes
among the 100 specimens sequenced. These fell into four
classes (A–D) based on the occurrence of a 34 bp repeating
indel (Fig. 3). The sequence of the indel was: 59–TTT ACA
TTA TGG TGT AAT ACA TAT TAT GTA TAA T–39 and
specimens had 0 to 3 tandemly repeated inserts in the
anterior portion of the d-loop. Class A haplotypes had 0
inserts, Class B had one insert, Class C had two inserts, and
Class D had three inserts. Class B and C were the most
diverse with 12 and 14 haplotypes respectively, while classes
A and D included only two haplotypes each. The most
common haplotype, A1, was present in 37 individuals from

Table 3. Correlations Between Discriminant Function Scores and Size
Corrected Morphometric Variables. Discriminant Function 1 (DF1)
distinguishes H. microlepis from H. malabaricus. Discriminant
Function 2 (DF2) distinguishes H. microlepis from river and
impoundment sites. Correlations greater than 0.45 are in bold.

Variable DF1 DF2

HL 20.121 20.050
EL 0.571 0.503
SNTL 0.474 20.263
LUJ 0.592 20.027
PDL 20.400 0.026
PCT-PLV 20.483 20.120
PLV-AF 20.293 20.540
LPCTF 0.602 0.287
LPLVF 0.357 0.296
LLDR 20.025 0.463
LDB 20.062 0.197
LAB 20.294 0.341
LAR 20.252 0.292
LCP 20.490 20.047
BD 20.041 20.187
DCP 0.251 20.339
CFL 0.323 0.690
BW 20.025 20.544
IOW 0.158 20.491

Table 2. Discriminant Function Analysis Classification of Hoplias
microlepis. Numbers are percentages based on the leave-one-out
method. Bold indicates the percentage of correct classification in the
site of origin.

Site classified as:

Site of origin: Babahoyo Chongon Quevedo Daule-Peripa

Babahoyo 66.7 10.0 16.7 6.7
Chongon 10.0 60.0 13.3 16.7
Quevedo 13.3 26.7 46.7 13.3
Daule-Peripa 6.7 23.3 6.7 63.3
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all four sites, although it occurred in only one individual
from the Babahoyo site (Appendix 1). Haplotype A1’s
average frequency in the other three sites was 48% with a
range of 40–64%. Other haplotypes were generally rare and
the greatest proportion of haplotypes (13) occurred in single
individuals. Besides the indels, there were 18 transitions and
1 transversion.

There were differences in genetic diversity and significant
genetic divergence among samples. The river populations,
Babahoyo and Quevedo, tended to be more diverse genet-
ically than the impoundment populations, with the Baba-
hoyo and Daule-Peripa samples again being at the extremes
(Table 5). The impoundment populations had substantially
more private alleles than the river populations. The exact
test of genetic divergence indicated that there was signifi-
cant genetic divergence in haplotype frequencies between
all pairs of populations (P , 0.001). However, the magnitude
of genetic divergence was not homogeneous. Pairwise FST

values indicated that besides being the most diverse,
the Babahoyo sample was the most genetically distinct
(Table 6). The average pairwise FST value between the
Babahoyo population and the other three populations was

0.118, with a maximum of 0.206 between it and the Daule-
Peripa population. Surprisingly, the smallest genetic dis-
tance was between the Quevedo and Chongon populations
(FST ,0). Consistent with the results of the exact tests of
genetic divergence and pairwise FST values, the populations
did not fall genetically into river and impoundment groups
(AMOVA, Table 7). Most genetic variation (91.43%) oc-
curred among individuals within populations and only
3.28% of the genetic variation was between river and
impoundment groupings. Genetic divergence among popu-
lations within habitat types accounted for 5.28% of the
variance and was significant.

DISCUSSION

Patterns of morphological divergence.—Populations of H.
microlepis inhabiting rivers and artificial impoundments in
the Guayas River drainage differ significantly in morphol-
ogy. The magnitude of divergence between morphometric
means for river and impoundment populations was surpris-
ingly large when H. malabaricus was included for compar-
ison. Hoplias microlepis and the specimens of H. malabaricus

Table 4. Pairwise Phenotypic Distances Among Samples Calculated from Mean Size-Corrected Morphometric Measurements. Euclidean distances
are below the diagonal and Mahalanobis distances are above the diagonal.

Locations

Babahoyo Chongon Quevedo Daule-Peripa H. malabaricus

Babahoyo — 3.140 2.663 3.190 4.109
Chongon 0.159 — 2.001 2.187 3.931
Quevedo 0.109 0.101 — 2.377 3.882
Daule-Peripa 0.185 0.095 0.122 — 3.834
H. malabaricus 0.203 0.164 0.182 0.179 —

Fig. 3. Haplotype network constructed using Network 4.5.1.6. Panels A–D are close-ups of haplotype classes A–D, modified to facilitate visualization.
Haplotype classes are defined based on the presence of a tandemly repeating 34 bp insert and differ by having 0, 1, 2, and 3 tandemly repeated
inserts, respectively. For convenience, each of these haplotype classes was assumed to have a single evolutionary origin, which provided a convenient
classification of haplotypes. Shading indicates haplotype frequencies in each population. The size of the circles is proportional to haplotype
frequencies. (E) Complete haplotype network.
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measured from eastern Ecuador have been separated since at
least ten million years ago when the Andes Mountains rose
in the region (Hoorn et al., 2010). Despite this ancient
divergence, impoundment H. microlepis are ,67–74% as
distinct from river populations as the river populations are
from H. malabaricus. The divergence between river and
impoundment H. microlepis is most likely due to phenotypic
plasticity or contemporary evolution.

Phenotypic plasticity is non-genetic change in pheno-
types that can arise when organisms develop under different
environmental conditions (West-Eberhard, 2003). Pheno-
typic plasticity may be common during the early stages of
adaptation to new environmental conditions because it
provides a mechanism for organisms to respond almost
instantaneously to environmental changes, increasing the
chances of survival (West-Eberhard, 2003). Phenotypic
plasticity has been commonly documented in fishes and
may well be the cause of the differences observed between
river and impoundment fish.

Contemporary evolution is change in allele frequencies
occurring over measurable time scales (a few hundred years
or less). Although the artificial impoundments in the
Guayas River system are relatively new (,20 years old prior
to sampling), contemporary evolution of species on similar
time scales is not uncommon. Documented examples
include the evolution of multiple traits in guppies in
response to an experimental transplantation to a new
predation regime (Reznick et al., 1997), and the evolution
of lateral (armor) plates in oceanic stickleback after coloniz-
ing a small Alaskan lake (Bell et al., 2004), among others
(Reznick and Ghalambor, 2001; Hendry et al., 2008). In
addition, a recent paper documented changes in genetic
structure of the blue sucker, Cycleptus elongatus, associated
with the construction of impoundments (Bessert and Ortı́,
2008), and three other recent studies have documented
morphological changes in fish species inhabiting artificial
impoundments (Palkovacs et al., 2008; Haas et al., 2010;
Franssen, 2011). Future research involving common garden
experiments or similar approaches will be necessary to
confirm whether the morphological differences document-
ed in H. microlepis are genetically based or due to phenotypic
plasticity. The possibility that this and other species are
genetically adapting to the novel conditions occurring in

artificial impoundments is worth exploring further given
how common impoundments have become and how
dramatically they can affect aquatic ecosystems.

The traits that were most strongly correlated with the
major axis of divergence between river and impoundment
populations of H. microlepis were generally a different subset
than those correlated with the axis divergence between
species (with the exception of eye length). Impoundment
populations thus appear to differ in a novel direction to that
distinguishing the two species. Eye length was the only
morphometric variable that was also strongly associated
with divergence between H. malabaricus and H. microlepis.
Eye length is greater in impoundment than in river H.
microlepis and also is greater in H. malabaricus than H.
microlepis. Differences in eye size are not uncommon among
closely related fish (Fishelson et al., 2004; Fontanier and
Tobler, 2009), and species with relatively larger eyes
generally have better visual sensory capabilities (Pankhurst,
1989; Lisney and Collin, 2007). The larger size of the eyes in
the impoundment populations suggests selection for im-
proved vision in impoundments. This could be related to
reduced light availability caused by eutrophication, the
availability of less light in deeper waters or increased
turbidity at impoundment sites. Changes in the distribution
of prey size between habitats (Lowe-McConnell, 1987) could
also select for increased eye size because smaller or less
conspicuous prey would be harder to detect visually.
Changes in fin lengths and body shape are often linked to
divergent hydrodynamic demands (Webb, 1982; Walker,
1997), and elongation of the caudal fin, the greater length of
dorsal-fin rays, and the decrease in body width and
interorbital width of impoundment fish may be a morpho-
logical response to divergence in hydrodynamic demands
between impoundment and river habitats. More research on
the ecology and swimming performance of fish in these
habitats is necessary to understand the significance of the
differences observed.

Patterns of genetic divergence.—The mitochondrial d-loop
does not code for a protein so indels (insertions/deletions) in
this region are common. Longer tandemly repeating inserts
have also been reported in the mitochondrial d-loop of
animals. Lunt et al. (1998) reported tandem repeats varying

Table 6. Pairwise FST Values Between Geographic Samples of Hoplias microlepis. Pairwise FST values are below the diagonal and P values for
significance of pairwise FST values are above the diagonal. Negative FST values are approximately 0. * indicates P values that remain significant after
sequential Bonferroni correction.

Babahoyo Chongon Quevedo Daule-Peripa

Babahoyo — 0.00001* 0.00901* 0.00001*
Chongon 0.085 — 0.66667 0.06306
Quevedo 0.062 20.009 — 0.03604
Daule-Peripa 0.206 0.046 0.035 —

Table 5. Genetic Diversity of Hoplias microlepis by Sampling Site. Data based on 25 specimens per site.

Sample Allelic diversity Effective number of alleles Haplotype diversity Percentage of private alleles

Babahoyo 16 10.96 0.95 31.25
Chongon 11 4.92 0.83 63.64
Quevedo 13 5.17 0.84 23.08
Daule-Peripa 7 2.31 0.59 57.14
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in size from 4 to 777 bp in length (for individual repeats) in
over 150 species. The occurrence of a 34 bp tandemly
repeated insert in the mtDNA d-loop of H. microlepis in this
study adds to the list.

There was no evidence of genetically isolated river and
impoundment clades of H. microlepis; thus, the phenotypic
similarity of the two impoundment populations does not
likely represent the occurrence of a cryptic or incipient
species that has colonized the impoundments. The signifi-
cant genetic divergence between the two river samples
suggests that genetic structure among H. microlepis in the
Guayas River predates the formation of the impoundments.
Genetic distances between most pairs of populations were in
accordance with typical distances among closely related
populations. For example, the genetic distances between the
two impoundment populations (FST 5 0.046) and the river
populations (FST 5 0.062) were relatively small. However,
the genetic divergence between the Babahoyo and the
Daule-Peripa samples was surprisingly large (FST 5 0.206).
Interestingly, the Babahoyo population was both the most
phenotypically and genetically distinct population. The
genetic (FST ,0) and phenotypic similarity between the
Quevedo River and Chongon impoundment samples was
surprising given the geographic distance between them. It is
unclear why these populations were so similar; however,
water is diverted from the Chongon impoundment through
artificial canals to the Peninsula de Santa Elena for irrigation
and it is possible that this canal system may be contributing
to migration of H. microlepis into the Chongon impound-
ment from other portions of the drainage. More sampling
throughout the drainage is necessary to understand the
factors responsible for the structuring of genetic variation
documented.

Genetic diversity tended to be higher in the two river
populations, while the proportion of private alleles was
higher in the two impoundment populations. If substanti-
ated by greater sampling and formal tests, the lower genetic
diversity in the impoundment populations may have
resulted from being founded and expanded rapidly from a
subset of the population inhabiting the river. A rapid
expansion in population size from a limited number of
founders would tend to result in significant disparity
between the effective and census population sizes, and an
apparent low genetic diversity. Genetic diversity may also be
influenced by the position of the populations in the
drainage. Fish populations higher in drainages typically
possess less genetic diversity than fishes low in drainages
(Crispo et al., 2006; Caldera and Bolnick, 2008). A bias in the
direction in which alleles flow is likely a major contributing
factor; gene flow is typically greater in downstream than
upstream directions (Crispo et al., 2006; Moore et al., 2007;
Berner et al., 2009). This is consistent with the result for the

Daule-Peripa population, which is located high in the
drainage and had the lowest genetic diversity, and the
Babahoyo River population, which is low in the drainage
and had the highest genetic diversity. An excess of rare
alleles is not uncommon in situations of rapid population
expansion either, as likely occurred at the impoundment
sites, because drift can increase the frequency of rare alleles
as populations expand (Slatkin, 1985; Harpending and
Rogers, 2000).

MATERIAL EXAMINED

The specimens examined in this study are listed by catalog
number, number of specimens examined, size range, and
locality.

Hoplias malabaricus: FMNH 100342, 2, 248–263 mm SL,
Laguna Grande de Cuyabeno and Quebrada de Hormigas,
Napo; FMNH 102265, 7, 146–224 mm SL, Rı́o Yasuni, Napo;
FMNH 102309, 2, 232–264 mm SL, Rı́o Aguarico, Napo;
FMNH 102310, 3, 179–249 mm SL, Rı́o Taputini, Napo;
FMNH 102311, 4, 158–314 mm SL, Rı́o Payamino, Napo;
FMNH 102312, 3, 241–311 mm SL, Laguna Zancudococha,
Napo; FMNH 102313, 2, 183–235 mm SL, Laguna Zancudo-
cocha, Napo; FMNH 102314, 1, 196 mm SL, Rı́o Cuyabeno,
Napo; FMNH 102318, 1, 211 mm SL, Rı́o Yasuni, Napo;
FMNH 102322, 4, 134–181.5 mm SL, Rı́o Napo, Napo;
FMNH 102323, 1, 159 mm SL, Rı́o Teteya, Napo; FMNH
102355, 1, 257 mm SL, Rı́o Payamino, Napo.

Hoplias microlepis: Museo de Ciencias Naturales de la
Universidad de Guayaquil (Ecuador): MUGT P-501, 30,
201.0–287.0 mm SL, Daule-Peripa Impoundment, Guayas
River drainage; MUGT P-502, 30, 216–316 mm SL, Chongon
Impoundment, Guayas River drainage; MUGT P-503, 30,
167–281 mm SL, Babahoyo River, Guayas River drainage;
MUGT P-504, 30, 157.0–329.0 mm SL, Quevedo River,
Guayas River drainage.
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APPENDIX 1.
MtDNA Control Region Haplotype Frequencies in Hoplias microlepis. Letters A–D depict haplotype classes varying in the number of inserts with
haplotypes A, B, C, and D having 0, 1, 2, and 3 inserts, respectively. Numbers beside the haplotype class indicate variants differing by one or more
nucleotide mutations.

Haplotype Babahoyo Chongon Quevedo Daule-Peripa Total

A1 1 10 10 16 37
A2 — — — 2 2
B1 — 2 — — 2
B2 2 — 1 — 3
B3 — 1 — — 1
B4 — — 1 — 1
B5 3 — 2 — 5
B6 5 1 2 — 8
B7 — 1 — — 1
B8 1 — 1 — 2
B9 1 3 2 — 6
B10 — — — 1 1
B11 1 — — — 1
B12 1 — — — 1
C1 2 — — — 2
C2 — — — 1 1
C3 1 — 1 — 2
C4 1 — — 2 3
C5 — 2 — — 2
C6 — — 1 — 1
C7 — — — 1 1
C8 1 1 1 2 5
C9 1 — — — 1
C10 — — 1 — 1
C11 1 — — — 1
C12 — 1 — — 1
C13 2 — 1 — 3
C14 — 1 — — 1
D1 1 — 1 — 2
D2 — 2 — — 2

Aguirre et al.—Divergence of Hoplias microlepis 323


