REVISTA DE

Biologia Tropical

Fish assemblages and their ecological traits along an elevational
gradient in the Rio Pacuare, Costa Rica

Jorge Picado Barboza' & Gerardo Umaiia Villalobos?

1.
2.

Instituto Costarricense de Electricidad; jpicado@jice.go.cr
Universidad de Costa Rica; gerardo.umana@ucr.ac.cr
Received 16-1-2017. Corrected 04-VIII-2017. Accepted 01-1-2018.

Abstract: Fish assemblages and their ecological traits along an elevational gradient in the Rio Pacuare,
Costa Rica. Between May 2004 and May 2005, we sampled fish in 19 sites, grouped in four elevations, rang-
ing from the river mouth to 650 m.a.s.l. in the Rio Pacuare, Caribbean versant of Costa Rica. Changes in the
distribution and composition of the fish fauna, as well as patterns of alpha and beta diversity along an elevational
gradient were assessed. Additional analyses of habitat preferences, trophic guilds, functional groups and general
ecology for the most abundant species are included. All fish captured were classified into 22 families, 43 genera
and 53 species. The most abundant family was Characidae, followed by Gobiidae, Mugilidae, Poeciliidae and
Heptateridae, which together comprise 87.9 % of all sampled individuals. Elevation shows an inverse effect on
species diversity, we observed a monotonic decrease in species richness with increasing elevation (p < 0.05),
as reported in other tropical rivers. According to our results, in the Rio Pacuare the total fish fauna diversity
is found within the first 500 m.a.s.l. Species turnover increases with elevation, while nestedness decreases.
Turnover was dominated by the loss of species rather than gain; the higher species loss was registered between
the river mouth and the lower river reach (< 100 m.a.s.l.). Seven species can be classified as typical or core spe-
cies (Astyanax aeneus, Sicydium altum, Agonostomus monticola, Poecilia gillii, Brycon costaricensis, Rhamdia
laticauda and Joturus pichardi) along the elevation gradient. The habitat availability and the integration of eco-
morphological, feeding and reproductive traits help to explain better the elevation distribution of the complete
set of species observed. Although it is possible to identify groups of species characteristic of each reach of river,
this does not mean that they are isolated from each other. Natural drift and movement along the river of some
species during their life cycle, especially S. altum, A. monticola and J. pichardi, are key processes linking the
whole watershed. The present study constitutes a first step in documenting and understanding the distribution
and composition of fish assemblages in a watershed that is relatively intact and well-conserved in the Caribbean
versant of Costa Rica. Rev. Biol. Trop. 66(Suppl. 1): S132-S152. Epub 2018 April 01.
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The freshwater fish fauna of the Neo-
tropics is the most diverse on Earth, with
over 7000 species estimated for the rivers
and streams of tropical South and Central
America (Albert & Reis, 2011). According to
Angulo, Garita-Alvarado, Bussing & Lopez
(2013) about 250 native freshwater fish spe-
cies inhabit Costa Rica, of which 24 (10 %)
are endemic. A total of 145 species is known
in the Caribbean and Northern region of Costa
Rica, of which only seven are restricted to

S132

those regions (Angulo et al., 2013). The latest
analysis of the derivation of the freshwater fish
fauna of Central America presented by Matam-
oros McMahan, Chakrarty, Albert & Schaefer
(2014), proposed that the Caribbean fish fauna
of Costa Rica is part of an area of endemism
named “Bocas,” ranging from the Rio Sara-
piqui in Costa Rica to the western border of the
Rio Chagres basin in Panama. These findings
support Myers’s hypothesis (1966), who pro-
posed that species richness of freshwater fishes
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of Central America is substantially higher in
areas located adjacent to the more species-rich
regions of North and South America (Matam-
oros et al., 2014).

The influence of elevation gradients on
the distribution of freshwater fishes in the
Neotropics has been assessed for Andean riv-
ers (Jaramillo, Maldonado & Escobar, 2010;
Carvajal et al., 2015; De La Barra et al., 2015).
Those studies showed a monotonic decrease
in species richness, while the distinctiveness
of the species composition increased with
elevation. At higher river reaches turnover
was dominated by the loss of species rather
than gain. Dominance by a few species was
also greater at higher elevations. Despite these
general patterns, in some regions, species rich-
ness is greatest at the headwaters owing to the
cumulative number of endemic species (Carva-
jal et al., 2015). Physical factors such as water
temperature and the severity of the physical
habitat (related to the slope and river width)
have been identified as possible barriers to the
elevational distribution of tropical freshwater
fish (De La Barra et al., 2015).

Anthropogenic effects such as habitat
alteration, deforestation, pollution and exotic
fish introductions, are also factors that threaten
autochthonous fish diversity (Bussing, 1998;
Beard, 1989; Wolter & Arlinghaus, 2003;
Wright & Flecker, 2004). The last is apparently
not the case of the Rio Pacuare, which is con-
sidered one of the few watersheds in Costa Rica
that is well-preserved, especially in the middle
and upper reaches (Anderson, Freeman & Prin-
gle, 2006a; Anderson, Pringle & Rojas, 2006b;
Instituto Costarricense de Electricidad (ICE),
20006). Studying the ecology of fishes inhabit-
ing this river is an opportunity to understand
the factors that molded the assemblages under
a condition of low anthropogenic alteration.

We performed a one-year sampling cam-
paign in 19 sites grouped in four elevational
reaches in the Rio Pacuare, with the objec-
tive of describing changes in the distribution
and composition of its fish fauna, as well as
patterns of alpha and beta diversity along an
elevational gradient. We also analyzed habitat

preferences, trophic guilds, functional groups
and general ecology for the most abundant spe-
cies. We aim to contribute to the understanding
of the ecology of the fish assemblages in the
Rio Pacuare, pursuing integrated watershed
management to ensure the conservation of its
present conditions.

MATERIALS AND METHODS

Study area: Sampling was performed in
the Rio Pacuare watershed on the Caribbean
side of Costa Rica (09°36°00°-10°18°00” N
- 83°41°00°-83°17°00” W), the drainage area
is 914 km?, the average rainfall ranges from
2000 to 5000 mmy-!, the total length of the
river main channel is 134.39 km, its maximum
elevation is 2 650 m.a.s.1. and the average slope
is 13 %. In the middle reach of the Rio Pacuare
one of the main commercial activities is tour-
ism, mainly water sports, such as rafting, which
is categorized as among the world’s top five
because the mountain scenery and river-rapids.
Recreational fishing is also common among
local persons of nearby communities. Land use
in the lower reaches is dominated by banana
plantations and extensive cattle farms. The
city of Siquirres, located on the left margin of
the Rio Pacuare, is one of the principal urban
centers in the region (Rojas, 2011).

We visited and sampled in nineteen sites.
The elevational gradient that we included in the
study ranges from sea level to 650 m.a.s.1. Site
selection of sampling was affected by steep
topography and the lack of public access to the
river in some reaches. Despite these challenges,
we attempted to include representative sites of
the upper, middle and lower reaches of the Rio
Pacuare (Table 1, Fig. 1). We sampled each
site at least three times from May 2004 to May
2005. The total linear distance covered is about
10200 m, of which 3300 m correspond to trib-
utaries, and 6900 m are from the main channel

Fish sampling: We use several types of
fishing gear, including: cast nets, seines, gill
nets and small hand nets. A total effort of 180
min was employed at each site, and we moved
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Fig. 1. Sampling sites in relation to the elevation profile
of the main channel of the Rio Pacuare.

upstream over a distance of 200 m along the
main channel. At each site, sections with repre-
sentative microhabitats were selected (rapids,
slow current, pools, sandy bottoms and rocks).
In addition, two sampling bouts were con-
ducted with an electro-fishing device (Smith-
Root®) in three 15 m long transects, following
the river margins at each site, with a maximum
depth of 100 cm. The “fish-shocker” was set to
a discharge of 350 V, with a frequency of 80 Hz
and a working cycle of 50 %. Impact distance
under this configuration is estimated to cover a
radius of two meters.

The fish catch was placed in a plastic
bucket with water and aeration from a battery-
operated aquarium aerator. Each specimen was
identified to species, and its standard length
(LS) recorded (Bussing, 1998). Fish were later
released at the same section where they were
caught. To describe the physical habitat, mea-
surements of temperature (°C), water velocity
(m/s) and depth (cm) were /recorded on site for
every fish captured.

When the sample size allowed, up to 15
individuals for each species were collected and
brought to the laboratory for gut content analy-
sis. These were preserved with 10 % formaline,
and later washed with water and transferred
to 70 % ethanol. Fish Species were classified
into five basic trophic guilds: carnivorous,
herbivorous, insectivorous, detritivorous and
omnivorous. Two individuals of each species

were deposited at the Zoology Museum of the
Universidad de Costa Rica as vouchers.

Data analysis: We performed a cluster
analysis, based on Bray-Curtis similarity index,
to identify patterns on species distribution and
similarities among sites. An analysis of percent
similarity (Simper) was employed to determine
the contribution of each species to the varia-
tion between reaches of the river or tributaries
of the watershed. A correspondence analysis
to evaluate the effect of physical variables on
the species distribution was performed. These
results were used to group sites into reaches
following the elevation gradient along the
Rio Pacuare.

We evaluated the richness completeness,
or sample coverage of each river reach, using
the R package Entropart. Species diversity
between river reaches were compared using
Hill’s numbers, we followed the interpolation
and extrapolation procedure proposed by Chao
et al. (2014) using the R package Inext (Hsieh,
Ma, & Chao, 2016). An analysis of the signifi-
cance for the rarefaction curves was performed
following the method proposed by Cayuela,
Gotelli, & Colwell (2015). We tested the eco-
logical null hypothesis that two (or more) refer-
ence samples, represented by either abundance
or incidence data, were both drawn from the
same assemblage of N individuals and S spe-
cies, and the biogeographical null hypothesis
that, regardless of differences in species com-
position, the profiles of two or more rarefaction
curves are similar enough that they might have
been drawn from assemblages that do not dif-
fer significantly in richness or in underlying
species abundance distribution. Additional beta
diversity and species turnover comparisons
between river reaches were assessed by the
method proposed by Baselga & Orme (2012).

We evaluated changes in fish assemblage
structure along the elevational gradient using
rank-abundance curves, in which the abun-
dance is plotted against the total number of spe-
cies. In addition, diversity descriptive indices
Shannon, Simpson and Evenness were calcu-
lated for each elevation level. A Kruskal-Wallis
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test (H) tested for significance in the differ-
ences in total abundance and size frequency
distributions for the most abundant species
among river reaches. A non-parametric multi-
factorial analysis (Permanova), based on the
Bray-Curtis similarity index, was used to test
for differences in species composition among
river reaches. The association between trophic
guilds and elevation were explored with a
correspondence analysis and evaluated using
linear by linear test for ordered contingency
tables. These tests were performed with the
statistical packages Statistica® 6, Estimates®,
PAST® and R statistical computing (Clarke &
Warwick 1994; Krebs, 1994; Zar, 1999; Ham-
mer, Harper & Ryan, 2001; R Development
Core Team, 2008; Colwell, 2013).

RESULTS

Relative abundance: 4 131 fish were
caught. The site with the highest catch-per-
sample was Indiana III, with 73.2 £+ 30.7 indi-
viduals, followed by Rio Cabeza de Buey with
58.5 + 35.7 and Bajo la Hondura with 54.9 +
37.7. The site with the lowest catch was La
Cruz with 13 + 10.4 individuals (H=31.4;p <
0.05, Table 1).

All fish captured were classified into 22
families, 43 genera and 53 species. The most
abundant family was Characidae, with 1 329
specimens, followed by Gobiidae (1 297),
Mugilidae (625), Poeciliidae (249) and Hep-
tateridae (131). These families comprised 87.9
% of all sampled individuals (Table 2). The
Cichlidae family had the highest number of
species, with 13, followed by Poeciliidae with
five, Characidae and Eleotridae with four spe-
cies each. These four families accounted for
49 % of the total number of species. The
most abundant species was Sicydium altum,
which accounted for 31 % of the entire catch,
followed by Astyanax aeneus, with 27 %,
Agonostomus monticola with 13 %, Poecilia
gillii 5 %, Brycon costaricensis 4 %, Rhamdia
laticauda 3 %, Pomadasys crocro 2 %, Atheri-
nella milleri 2 %, Roeboides bouchelei 1.6 %,
and Joturus pichardi 1.5 %.

Exploratory analysis: the cluster analysis
results were consistent in grouping all sites at
the river mouth, followed by sites at the lower
sections and some representatives of the middle
sections (Tres Equis and Quebrada Sartén).
Most sites of the middle reaches clustered in
another group, as well as sites Bajo Pacuare
and Paso Marcos that belong to the upper
reaches. Finally, sites La Cruz, Rio Pacayitas
and Rio Platanillo were clearly distinct from
the main clusters (Fig. 2).

Results of the Permanova test indicated
that species differences among the river sec-
tions were significant (F = 4.2; p < 0.001).
These differences were attributed by the Sim-
per test to the species S. altum, A. aeneus, A.
monticola, P. gillii, B. costarricensis, P. crocro,
R. bouchellei and A. milleri, which accounted
for 80.6 % of the differences among the
sections (Table 2).

The cluster of the species, based on their
mean catch, identifies two main groups. The
first is comprised of 43 species, associated
mainly with the lower reaches of the river and
the river mouth sites, and the second included
10 species associated with the middle and
upper reaches (Fig. 3). Within the first group of
species, there were 13 that accounted for most
of the catch in the estuary and main channels
at the river mouth (Fig. 3-G3), another sub-
group of 15 species were restricted to the river
mouth (Fig. 3-G2). The remaining 15 species
were widespread between the river mouth and
the middle reaches, six of them were shared
between the lower reach and the river mouth.
Another two species were only found in the
middle reaches, and seven were present in other
sections of the watershed, these last ones with
higher abundance in the lower and river mouth
reaches (Fig. 3-G1). In the second group, there
were seven species with an extensive eleva-
tion distribution and high capture frequency.
These species are: A. monticola, S. altum, A.
aeneus, B. costaricensis, R. laticauda, J. pich-
ardi'y P. gillii, as well as three species that were
caught only in the middle and upper reaches
(Fig. 3-G4).
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Fig. 3. Cluster analysis for fish species using Bray Curtis index according to average capture along the Rio Pacuare. Period
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and frequently captured at the middle and upper reaches.
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Fig. 4. Elevation fish species distribution from Rio Pacuare using seriation procedure.
Box shows number of estimated species according to watershed reach. Study period 2004-2005.

According to these results, all sites were
classified into four reaches following an ele-
vation gradient, starting at the river mouth
with elevations between 0-3 m.a.s.l., the lower
reach between 6-40 m.a.s.l., the middle reach
between 255-520 m.a.s.l. and the upper reach
that groups sites between 550-650 m.a.s.l,
these groups are used for the following analysis.

Species diversity: Sampling completeness
among reaches was higher than 0.9, meaning

that a large proportion of the species present
in each elevational band was recorded and
comparisons of species diversity and com-
position are reliable. The estimated richness
with the rarefaction method, yielded a total
of 42.1 species for the river mouth, 30 for the
lower reach, 15 for the middle, and nine in
the upper reaches, which is nearly identical
to the observed values (Table 2, Fig. 4). The
ecological null hypothesis applied to Hill’s
numbers q° (species richness), q' (exponential

S140 Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 66(Suppl. 1): S132-S152, April 2018



of Shannon entropy) and g> (inverse Simpson
index - number of dominant species in the
community) was rejected (p < 0.05), support-
ing the general differences observed between
assemblages. On the other hand, the biogeo-
graphical null hypothesis was also rejected for
Hill’s number q° and q', but not for g (p = 0.4),
which suggests that within different reaches of
river, dominant species have a similar relative
abundance (Fig. 5).
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Fig. 5. Diversity expressed as Hill’s numbers (°D, 'D and
D) according to elevational reaches for the study sites of
the Rio Pacuare. Period 2004-2005.

The characid A. aeneus and the poecilid P,
gillii are among the dominant species at all ele-
vations in the Pacuare watershed. The goby S.
altum is the most common fish from the lower
reach to higher elevations, and the mountain
mullet A. monticola was also a dominant spe-
cies in all sampled reaches. Other species like
the grunt P. crocro, was common only in the
lower reach and the river mouth, while the cat-
fish R. laticauda presented a high abundance in
the middle and upper reaches (Fig. 6).

The B-diversity analysis shows an inverse
relationship between the species loss and spe-
cies gain with elevation. The highest species
loss was observed between the river mouth
and the lower reach with a total of 20 spe-
cies. Between the lower and middle reaches,
18 species were not caught, while six species
were not caught between the middle and upper
reaches. Only eight additional species were
caught between the river mouth and the lower
reach, three species between the lower and the
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Fig. 6. Species rank abundance for each elevation reaches
of the Rio Pacuare. The five most abundance species are
shown, A) river mouth, B) lower reach, C) middle reach
and D) upper reach.

middle reach, while no additional species were
caught towards the upper reach. Species turn-
over increases with elevation, whereas nested-
ness decreases. Total dissimilarity was higher
between sites of higher elevation (Fig. 7).

Ecological traits: The species richness
showed an inverse significant correlation with
elevation and water velocity, while showing
a positive correlation with temperature and
water depth. Between physical variables, there
is an inverse correlation among elevation, tem-
perature and depth, while the water velocities
increase in the upper reaches (Table 3). The
correspondence analysis between species, sites
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TABLE 3
Correlation coefficients between species richness and physical factors of the habitat where fish were collected.
Values correspond to the Pearson coefficient (R?)

Elevation
T°C -0.9"
Depht(m) -0.4™
Velocity(m/s) 0.8"
Richness 0.7

0.7"

T°C Depht (m) Velocity (m/s)
-0.9" -0.6"
0.8" 0.7" 0.7

*p < 0.01, **p < 0.05
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Fig. 7. Above: gain and loss in the number of species
between adjacent elevation reaches. Below: B-diversity
values expressed as species replacement between sites
(turnover), species loss from site to site (nestedness) and
total dissimilarity between adjacent elevational reaches.

and physical variables explain nearly 81 % of
the total variance (Fig. 8, Table 4).

Fourteen species presented an inverse
response to water temperature and depth. Most
of these species presented their highest abun-
dance in the middle and upper reaches. The
majority of species was captured at lower
elevations. For example, nine species of Cich-
lidae were associated with the river mouth and
lower reach, where there are higher tempera-
ture values, slow water velocity and a deeper
water column.

Based on analysis of gut contents, 28 spe-
cies were classified as carnivorous, nine were

insectivorous, seven were herbivorous, five
were detritivorous and four were omnivorous.
The correspondence analysis between trophic
guilds and elevation as well as the asymptotic
linear-by-linear association test, confirm that
“carnivore” is the predominant trophic guild at
the lower reaches, herbivores were more com-
mon in the middle and upper reaches, insec-
tivorous were more common with the lower
and middle reach, and omnivores were more
common with the middle and upper reach (p <
0.05) (Fig. 9).

Size distributions: Size distribution of
the most abundant species, based on standard
length (LS) shows that for A. aeneus, larger
individuals occur mainly in the middle and
upper reaches (H = 346.8; p < 0.001). In the
case of P. gillii, the pattern is opposite: larger
individuals were captured in the lower and
river mouth reaches (H = 39.4; p < 0.001).
For J. pichardi, A. monticola and S. altum, we
observed larger individuals in the middle and
upper reaches, although this trend was not sta-
tistically significant. Finally, size distribution
of R. laticauda and B. costaricensis did not
show a discernible correlation with the sections
where they were sampled (Table 5).

In February and April, we observed thou-
sands of small fry of S. altum, with a mean
length of 8.8 mm, swimming upstream along
the margins of the main channel in Rio Pacu-
are. We observed this movement in the sites
Betania, Siquirres and Tres Equis, although in
the latter, the number of fry was considerably
lower. At the same time, we observed a school
of young fishes of 27.8 mm total length of A.
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TABLE 4
Scores of the canonical correspondence analysis for fish species and physical factors of the habitat
according to axis. Rio Pacuare, period 2004-2005

Factor Code Axis 1 Axis 2 Axis 3
A. citrinellus spl 2.90069 -1.92774 -0.35070
A. cultratus sp2 2.90069 -1.92774 -0.35070
A. elongata sp3 2.90069 -1.92774 -0.35070
A. multispinosus sp4 2.90069 -1.92774 -0.35070
A. rostratus spS 2.90069 -1.92774 -0.35070
A. siquia sp6 2.90069 -1.92774 -0.35070
B. bransfordii sp7 2.90069 -1.92774 -0.35070
C. parallelus sp8 2.90069 -1.92774 -0.35070
D. maculatus sp9 2.90069 -1.92774 -0.35070
E. plumieri spl0 2.90069 -1.92774 -0.35070
G. broussonnetii spll 2.90069 -1.92774 -0.35070
M. furnieri spl2 2.90069 -1.92774 -0.35070
M. lineatus spl3 2.90069 -1.92774 -0.35070
P. amates spl4 2.90069 -1.92774 -0.35070
P, losellei spl5 2.90069 -1.92774 -0.35070
P. managuensis spl6 2.90069 -1.92774 -0.35070
P, virginicus spl7 2.90069 -1.92774 -0.35070
S. assimilis spl8 2.90069 -1.92774 -0.35070
T. paulistanus spl19 2.90069 -1.92774 -0.35070
V. maculicauda sp20 2.90069 -1.92774 -0.35070
A. milleri sp21 2.84512 -1.61760 -0.48650
B. belizanus sp22 2.75251 -1.10069 -0.71285
M. curema sp23 2.65503 -0.55657 -0.95111
P mindii sp24 2.66731 -0.62513 -0.92109
C. latus sp25 1.99049 4.57095 -2.33718
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TABLE 4 (Continued)

Factor Code Axis 1 Axis 2 Axis 3
C. uhleri sp26 1.60041 7.35610 -3.18854
E. amblyopsis sp27 2.22647 2.88610 -1.82217
C. undecimalis sp28 2.53176 0.63293 -1.16822
E. pisonis sp29 2.13248 2.95106 -2.12905
L. jocu sp30 2.25055 2.71418 -1.76962
A. centrarchus sp31 1.44376 -0.95450 1.25567
H. aspidolepis sp32 2.26122 0.51121 -1.09775
O. niloticus sp33 -0.37740 0.26206 3.26363
P. dovii sp34 2.02653 -1.34380 0.61312
C. spilopterus sp35 0.75287 2.66401 0.47732
G. dormitor sp36 0.42863 1.80053 1.49121
P. crocro sp37 1.35095 1.42245 0.26824
R. bouchellei sp38 0.89615 -0.22528 1.85895
R. guatemalensis sp39 -0.35242 -0.22367 3.15655
R. nicaraguensis sp40 -0.08160 0.50777 0.03769
A. aeneus sp4l 0.12985 0.43079 1.25826
P, gillii sp42 0.49602 0.72772 -1.78097
S. altum sp43 -0.75263 -0.83560 -0.39572
A. monticola sp44 -0.40950 1.06115 -0.98200
B. costaricensis sp45 -0.68035 -0.51359 0.31552
A. alfari sp46 -0.54493 2.88596 -0.09607
J. pichardi sp47 -0.66620 1.34073 -0.23900
R. laticauda sp48 -0.86128 -0.59272 0.09769
A. banana sp49 -1.00923 -0.17424 3.36045
H. nematopus sp50 -0.87671 -0.73830 3.36640
G. nudus spS1 -0.87482 -2.09329 -0.87244
C. septemfasciatus sp52 -0.42195 -2.05814 0.08894
P. annectens sp53 -0.64492 1.06085 -3.53822
Boca Pacuare Stl 1.61581 -0.23357 0.11593
Estero Mondonguillo St2 1.40430 -0.21505 0.17381
Estero Chiquero St3 1.14189 -0.05434 0.13695
Las Vegas St4 0.26937 0.61356 -0.05608
Freeman St5 0.66821 1.26415 0.29292
Indiana III St6 -0.01281 0.38180 0.58073
Pacuarito St7 -0.16532 0.26358 0.33749
Betania St8 -0.24948 0.06625 0.33324
Tres Equis St9 -0.43044 0.10080 -0.06737
Q. Sartén St10 -0.50544 0.46623 -0.48852
La Cruz Stl1 -0.34008 0.26358 0.26151
R. Pacayitas St12 -0.62945 -0.15472 -0.60618
R. Cabeza de Buey St13 -0.64322 -0.28812 -0.43437
Bajo la Hondura St14 -0.48542 -0.30474 -0.11087
R. Peje St15 -0.68954 -0.41552 -0.44868
Q. Grande St16 -0.28579 0.56079 -0.05054
R. Platanillo St17 0.28007 0.47181 -1.51597
Bajo Pacuare St18 -0.63351 -0.52907 -0.27095
Paso Marcos St19 -0.54731 -0.22995 -0.50143
T°C - 0.87804 0.25727 0.51790
Depht(m) - 0.76021 -0.35799 0.34647
Velocity(m/s) - -0.77507 -0.11704 0.07052
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TABLE 5

Average values and standard deviations for captures per sampling session and standard length for the first ten captured
fish species according to sector of the Rio Pacuare watershed. Sampling period May 2004 -May 2005.

Average + standard deviation

Species Variable river mouth lower reach middle reach upper reach Total
Astyanax aeneus Capture 35.1+329 51.9 +44.7 25.1+32.4 5.7+42 324 +37
LS cm 54+1.6 57+0.9 7.8+0.7 77+1.5 6.6+ 1.5
Poecilia gillii Capture 11.8+75 5.8+3.9 11.0 £ 12.1 155+ 14 10.0 £9.1
LS cm 5.7+0.6 48+0.8 49+0.6 47+ 14 5.0+0.9
Sicydium altum Capture 31.4+239 69.0 + 74 374 +21.8 492 +£52.6
LS cm 6.6+14 83+0.7 8.6+04 8.0+12
Agonostomus monticola  Capture 15.5+18.8 30.2+19.4 58+7.6 18.3+19.1
LS cm 75+4 9.0+ 14 103+1.9 8.8+29
Brycon costaricensis Capture 53+4 13.1+£ 84 3.0+2.6 8.8+7.6
LS cm 7.6+0.9 11.1+3 132+£5.6 103+£3.5
Rhamdia laticauda Capture 7.0 +10.4 12+9.5 46+23 83+8.1
LS cm 132+1.9 10.4 £ 0.6 10.8 +1.3 11.1£1.6
Joturus pichardi Capture 6.0+74 36+25 4.0 43+42
LS cm 13.8+9.2 13.6+5.8 19.5 14.1+6.5
Roeboides bouchellei Capture 7+8.2 52+48 6.0+6.3
LS cm 75+23 7.6+0.9 7.6+ 1.6
Pomadasys crocro Capture 22.5+0.7 7.5+6.6 11.3+89
LS cm 6.7+1.7 6.8+0.8 6.7+0.9
Atherinella milleri Capture 13.5+153 3.0 12+ 14.5
LS cm 88+1.8 10.5 9.0+ 1.7
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Fig. 9. Percent distribution of number of fish species according to trophic guilds and elevational
reaches in the Rio Pacuare. Period 2004-2005.

monticola in the channel of Las Vegas, at the
border between the river mouth and the lower
section. Also, most of the younger individu-
als of J. pichardi were found in Betania in the
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same months. These individuals measured less
than six centimeters, and for this species we
never observed schooling or massive move-
ment upstream.
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DISCUSSION

Nineteen sites, grouped in four elevation
reaches in the Rio Pacuare, were sampled with
the objective of describing the distribution and
composition of its fish fauna and patterns of
alpha and beta diversity along an elevational
gradient. Correlations between fish presence
and physical factors of the habitat and general
ecology observations for the most abundant
species were also assessed. Although it is pos-
sible to identify groups of species characteristic
of each river reach, it doesn’t mean that they
are isolated from each other, since natural drift
and elevational movements of some species
during their life cycle, especially S. altum, A.
monticola and J. pichardi, are key processes
linking the whole watershed.

Fish assemblages: Our study distin-
guished a fish assemblage comprised of 42
species inhabiting the river mouth, where river-
ine and estuarine species share these waterways
characterized by deep channels, soft substrates,
high temperature and slow currents habitats.
Moving upriver, we identified a transition sec-
tor between assemblages of lower and higher
elevations. Within this sector, 22 species are
shared with the river mouth and 15 with eleva-
tions above 100 m.a.s.l. The next assemblage
consists of 15 species that can be related to
the variation of habitat type, especially within
a heterogeneous hard substrate. At elevations
above 500 m.a.s.l., only nine species are found,
comprising the fish assemblage that is well
adapted to fast flowing water and lower tem-
perature. Overall, we observed a similar pat-
tern of dominance by the same and relatively
few species, which are S. altum, A. aeneus, A.
monticola, P. gillii and R. laticauda, including
J. pichardi which is associated to the strong
currents of the main channel. The habitat pref-
erence of J. pichardi make it a difficult fish
to catch, and for this reason it was probably
underestimated by our capture methods.

Some tributaries of Rio Pacuare, in partic-
ular in its middle and upper reaches, flow over
an irregular topography and steep slopes, which

make them susceptible to high water velocities
and alterations on the river bed during heavy
rains. These conditions limit colonization by
fishes from the main channel into these tribu-
taries, like Quebrada La Cruz, Rio Pacayitas
and Rio Platanillo, and partially explain the
distinction between main channel and tribu-
taries ichthyological communities. Seasonal
strong flows cause the “reset” of tropical
aquatic communities and have been assessed
by Gilliam, Fraser, & Alkins-Koo (1993), Prin-
gle & Hamazaki (1997), Jackson, Peres-Neto,
& Olden (2001), Boyero & Bosh (2004), Buss,
Baptista, Nessimian, & Egler (2004).

Species diversity: According to our
results, in the Rio Pacuare the total fish fauna
diversity is found within the first 500 m.a.s.1.
Even though the elevation gradient studied does
not cover the theoretical natural distribution for
a few native fish, which have been reported
to reach up to 1 500 m.a.s.l. (Bussing, 1998,
Angulo et al., 2013), a total of four fish species
in Rio Pacuare are expected to reach at least to
that altitude. Based on the results of the present
study, these species may include S. altum, A.
monticola, R. laticauda and J. pichardi.

Elevation shows an inverse effect on
species diversity. We observed a monotonic
decrease in species richness with increasing
elevation, with a drastically lower number of
species in the upper reach of the Rio Pacuare.
Surveys in Andean rivers reported a similar pat-
tern of fish assemblages (Jaramillo et al., 2010;
Carvajal et al., 2015; De La Barra et al., 2015).
In the Rio Pacuare, species turnover increases
with elevation, while nestedness decreases
Turnover was dominated by the loss of species
rather than gain of species; the higher species
loss was detected between the river mouth and
the lower river reach.

One hypothesis about the origin and dis-
tribution of the freshwater fish fauna in the
Caribbean versant of Costa Rica, proposes
that species richness is higher in areas located
adjacent to centers of high diversity (Bussing,
1998; Matamoros et al., 2014). Accordingly, it
appears that the fish fauna of Rio Pacuare is a
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result of species dispersal from northern habi-
tats towards the south, reaching all the way to
the Bocas region in Panama.

For that reason, it is expected that fish
colonize first the lower reaches and then move
up along the rivers, were the slope of the main
channel, natural barriers like topographic drops
and falls, as well as the flow velocity, are physi-
cal factors that filter the number of species that
can be found at higher elevations. Given that
this part of the Central America isthmus is rela-
tively geologically young (Denyer, Alvarado,
& Aguilar, 2000), as opposed to the Andean
region, there is no endemic ichthyofauna in
the upper mountain regions (Bussing, 1998;
Angulo et al., 2013) as is the case in the South
American mountain chain.

Ecological traits: As we mentioned previ-
ously, the type of fish habitats changes with
elevation, and with it, the species composition
and their life-history strategies. Our results
suggest that the distribution of each species
along the elevation gradient is closely related
to their body morphology, ecology and specific
adaptations to overcome strong currents (Piet,
1998; Svanbick, 2004; Hoagstrom & Berry,
2008). For example, the distribution of S.
altum coincides with its benthic dwelling habit:
pelvic fins modified as a sucker allow them
to colonize a wide spectrum of microhabitats
in fast flowing rivers with a hard substratum
(Bussing, 1998). We observed that adults were
absent from soft bottom sites at the lower
reach and near the river mouth, where fila-
mentous algae, their main food source, cannot
grow (Bussing, 1998; Instituto Costarricense
de Electricidad (ICE), 2005). The massive
upstream migration of juveniles of this spe-
cies during months of low discharge that we
witnessed has been also documented in other
rivers in Costa Rica and the Caribbean region
in general (Gilbert & Kelso, 1971; McDowall,
1997; Fievet, Doleédec, & Lim, 2001). These
migrations are characteristic of the amphi-
dromous reproductive strategy displayed by
several tropical freshwater fishes (McDowall
2007; Smith, 2013).

Within the Characidae, 4. aeneus was the
most abundant species along the elevational
range in our study. Adults are able to swim
upstream against fast currents, and as general-
ists, they eat a wide variety of food (Bussing
& Lopez, 1977; Lopez, 1978; Bussing, 1998).
B. costaricensis was also observed over a wide
elevational range, and it is the second largest
species that can be found in the middle and
upper reaches of the Rio Pacuare. This versatile
generalist is also a potential seed disperser for
some trees within the riparian ecosystem, as
described by Burcham (1988), Horn (1997) in
the Caribbean rivers of Costa Rica.

Both mullet species are classified as rheo-
philic: fast-flowing waters stimulate them to
swim up river, and their fusiform body shape
enables them to swim against strong currents,
sometimes jumping over small falls and obsta-
cles while reaching higher reaches of river. A.
monticola is widely distributed in Costa Rica
rivers (Bussing & Lopez, 1977; Bussing, 1998).
This species is amphidromous and is mainly
carnivorous, but can also be found consuming
algae and other plant material, which make
them a key and versatile species in the riverine
ecosystem (Cruz, 1987; Navarro, 1992; Phillip,
1993; Torres & Lyons, 1999; ICE, 2005; Cotta
& Umaia, 2010; Smith, 2013). J. pichardi
is restricted to the Caribbean versant, is the
largest fish that inhabits the middle and upper
reaches and is an herbivore, feeding primary on
periphyton and filamentous algae (Cruz, 1987,
Bussing, 1998; ICE, 2005). As a specialist, it is
vulnerable to habitat alterations like changes in
water turbidity or high sediment loads that may
reduce periphyton growth.

According to Bussing (1998), P gillii is
one of the most common freshwater fish of
Costa Rica, found in a wide variety of habitats
and elevations. These fish feed on detritus and
periphyton algae, usually forming large groups
in pools and river margins, since they are not
strong swimmers (Bussing & Lopez, 1977).
These fishes are small (less than 10 cm SL), are
viviparous and have continuous reproduction
during the year; For these reasons, it is likely
that their abundance was under-estimated in
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our study because we did not efficiently capture
this species with our net mesh size. Nonethe-
less, there was a tendency to find larger indi-
viduals in the lower reaches and river mouth
in comparison with the rest of the watershed,
perhaps as a result of the comparatively greater
food abundance and higher habitat stability in
the lower habitats (ICE, 2005).

Members of the Heptateridae (long-whis-
kered catfishes) showed a wide elevational dis-
tribution in Rio Pacuare, although R. laticauda
was the most abundant at higher elevations.
This result is consistent with other observations
made in Costa Rican rivers (Bussing, 1998). As
benthonic species, they dwell in a wide range
of water velocities in the watershed. In the case
of the members of the Cichlidae, they were
found for the most part in sites of the lower
reaches, below 100 m.a.s.1., particularly in sites
with low water velocity, with abundant vegeta-
tion and logs lying on the river bottom. This
pattern reflects that the majority of Cichlidae
species that we caught are not well-adapted
to withstand fast flowing waters (Winemiller,
Kelso-Winemiller, & Brenkert, 1995; Bus-
sing, 1998; Wright & Flecker, 2004; Anderson
et al., 2006a).

Babler & Babler (1980), Nordlie (1981),
and Strydom (2002), describe a higher species
richness at the river mouth and lower reaches
of tropical rivers based on the use of these
areas as centers of reproduction and hatcheries
for both, marine and freshwater species, result-
ing in a high density of juvenile life stages. It
seems like this high availability of food sourc-
es, favors a predominance of carnivorous fish
species (Burcham, 1988; Aranha, Takeuti, &
Yoshimura, 1998; Fiévet et al., 2001; Winemi-
ller & Leslie 1992; Sanchez & Rueda, 1999;
Hoeinghaus, Layman, Arrington, & Winemi-
ller, 2003). Some examples of these species at
Rio Pacuare include members of Centropomi-
dae, Haemulidae, Lutjanidae and Eleotridae.

At the lower reaches, there are also some
common species that feed on detritus. Exam-
ples of these detritivorous species include Ger-
reidae (Sanchez, Galvis, & Victoriano, 2003;
Hoagstrom & Berry, 2008), the loricarid fish

Hemiancistrus aspidolepis and some members
of Cichlidae like Vieja maculicauda. In the
middle and upper reaches of the watershed, the
dominant feeding group is “herbivorous”, espe-
cially where the hard-rocky substrate allows
periphyton and filamentous algae growth (San-
chez et al., 2003; Hoagstrom & Berry, 2008).
Examples of this feeding guild include S.
altum and J. pichardi. In these river reaches,
the riverine vegetation includes a high diver-
sity of trees and other plants whose flowers,
fruits and leaves represent food sources for
fish (Sanchez et al., 2003), such as members of
the Characidae family, and in particular adults
of B. costaricensis. Some of the species that
are abundant, and widely distributed along the
watershed, can be classified as “omnivorous”
or “generalist” (Sanchez et al., 2003; Hoag-
strom & Berry, 2008), as the case of A. aeneus
and A. monticola.

In terms of reproductive strategies, most
of the species with a wide elevation distribu-
tion in the Rio Pacuare are characterized by an
“r” strategy, in which females produce thou-
sands of eggs and juveniles later drift with the
current downstream (Roldan, 1992; Bussing,
1998; Smith & Smith, 2001). Therefore, we
expect them to be distributed throughout the
watershed, as observed for S. altum, A. aeneus,
A. monticola, R. laticauda and J. pichardi. On
the contrary, those species with a “K” strategy
tend to concentrate in specific sites within the
watershed, as exemplified by members of the
Cichlidae (Winemiller et al., 1995; Bussing,
1998; Smith & Smith, 2001).

Taking into account the fish environmental
guilds (EG) classification proposed by Wel-
comme, Winemiller, & Cowx (2006), and the
later work on stream fish assemblage structure
by Hoeinghaus, Winemiller, & Birnbaumm
(2007), the family Gobiidae would belong to
the estuarine semi-anadromous EG. Neverthe-
less, our observations suggest that S. altum and
other members of the Gobiidae that inhabit
Costa Rican rivers should be better classified as
amphidromous EG, because they live in estuar-
ies only during their early larval stages.
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In the case of Characidae, 4. aeneus is
classified into the plesiopotamic EG, even
though, owing to its ecological plasticity, are
good candidates to be included in the eury-
topic EG, which include all generalist species
with flexible behavior. Another example is
B. costaricensis: the ecology of its juveniles
corresponds to the plesiopotamic EG, whereas
adults correspond to the generalist eurytopic
EG (Welcomme et al., 2000).

For the freshwater Mugilidae species, A.
monticola and J. pichardi, both belong to the
EG eupotamic pelagophilic in the original
classification. In our study, these species were
found in the main river channel, with rapid
well-oxygenated waters, and their eggs and
larvae drift downstream to the lower reaches
where they complete their development (Wel-
comme et al., 2006). Nevertheless, in the case
of J. pichardi, adults also show characteristics
typical of the EG of species that dwell in the
rapids at the upper reaches of the watershed.
In contrast, A. monticola presents reproductive
characteristics associated with the amphidro-
mous EG. The species R. laticauda is classified
as plesiopotamonic; however, given its affin-
ity to habitats at higher elevations and strong
current velocities, this species could also be
assigned to the riffle EG.

The ecology of P. gillii, and several mid-
dle-size species of the family Poeciliidae, are
classified into the plesiopotamonic EG, which
take advantage of habitats with slow currents
and lateral channels that form seasonally dur-
ing high flow periods. In the lower reaches and
the river mouth, we found the EG estenohaline
and euryhaline, as well as typically marine,
opportunistic species, as proposed by Wel-
comme et al. (2000).

In conclusion, we found a monotonic
richness decrease with elevation as has been
described for other tropical rivers. Turnover
was dominated by the loss of species rather
than gain, and the highest species loss was
detected between the river mouth and the lower
river reach. A total of 7 species can be classi-
fied as typical or core species within the Rio
Pacuare (4. aeneus, S. altum, A. monticola,

P gillii, B. costaricensis, R. laticauda and J.
pichardi), representing the EG of generalist,
amphidromous and eurytopic inhabiting rapids
in the main channel. Consideration of habitat
availability and the integration of ecomorpho-
logical, feeding and reproductive traits help to
explain better the elevational distribution of
the complete set of species observed. Further
work is necessary to more completely ascribe
the useful ecological guilds proposed by Wel-
comme et al. (2000) to the freshwater fishes of
Costa Rica.

The present study constitutes a first step in
documenting and understanding the distribu-
tion and composition of fish assemblages in
a watershed that is relatively intact and rea-
sonably well-conserved. Future work should
involve the analysis of habitat preferences of
the species at a smaller scale, which is nec-
essary to improve our understanding of the
population dynamics of freshwater fish species.
We recommend performing a larger sampling
effort, including fishing methods and gear that
allow the catch of a wider range of body sizes,
as well as including sites above 650 m.a.s.l.,
since some species might be able to reach
higher elevations in this watershed.
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RESUMEN

Ensambles de peces y sus caracteristicas eco-
logicas a lo largo de un gradiente altitudinal del rio
Pacuare, Costa Rica. Entre mayo del 2004 y mayo del
2005, se desarrollo una campafia de muestreo en 19 sitios
agrupados en cuatro tramos de elevacion abarcando desde
la desembocadura hasta los 650 m.s.n.m en el rio Pacuare,
de la vertiente Caribe de Costa Rica. Se evalué el cambio
en la distribucion y composicion de la fauna ictica, asi
como los patrones de diversidad alfa y beta a lo largo
de un gradiente altitudinal. Adicionalmente se incluye
un analisis de las preferencias de habitat, gremio trofico,
grupo funcional y ecologia general para las especies mas
abundantes. Todos los peces capturados se clasificaron
en 22 familias, 43 géneros y 53 especies. La familia mas
abundante fue Characidae, seguida de Gobiidae, Mugili-
dae, Poeciliidae y Heptapteridae, en total representando el
87.9 % de todos los individuos registrados. La elevacion
mostré un efecto inverso en la diversidad de especies,
observamos una disminucién monotodnica en la riqueza de
especies al incrementar la elevacion (p < 0.05), tal y como
ha sido reportado en otros rios tropicales. De acuerdo a
nuestros resultados, en el rio Pacuare la totalidad de la
diversidad ictica se encuentra en los primeros 500 m.s.n.m.
El reemplazo (turnover) de las especies se incrementa
con la elevacion, mientras que la pérdida de especies
(nestedness) disminuye. El reemplazo de las especies
estuvo dominado por la pérdida mas que por la adicion de
nuevas especies, la mayor pérdida de especies se presenta
entre la desembocadura y el tramo bajo (< 100 m.s.n.m.).
Un total de 7 especies de peces pueden ser clasificadas
como las tipicas o principales a lo largo del gradiente de
elevacion. La disponibilidad de habitat y la integracion
de rasgos eco-morfoldgicos, alimentarios y reproductivos
permiten una mejor explicacion de la distribucion del
grupo completo de especies registradas. Aunque es posible
identificar grupos de especies caracteristicas de cada tramo
del rio, no quiere decir que se encuentren aisladas unas de
otras, la deriva natural y los movimientos a lo largo del
rio por parte de algunas especies durante su ciclo de vida,
especialmente Sicydium altum, Agonostomus monticola y
Joturus pichardi, son procesos claves que unen la totalidad
de la cuenca. El presente estudio constituye un primer paso
en la documentacion y entendimiento de la distribucion y
composicion de las asociaciones de peces en una cuenca
que se encuentra relativamente intacta y bien conservada.

Palabras clave: Rio Pacuare, gradiente de elevacion, peces
de agua dulce, vertiente Caribe.
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