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The distribution of Andean freshwater fishes is the result of the interaction of historical

and contemporary factors such as basin geomorphology and the physicochemical

characteristics of water bodies. Dramatic changes along river networks due to waterfalls

or dams generate abrupt changes in longitudinal slopes that function as ecological

barriers to dispersal and thus have an effect on the composition and richness of fish

assemblages. We expect the amount of variation in beta diversity along the elevation

gradient (between 700 and 3,500m a.s.l.) of the eastern slope of the Cauca River basin

to be explained by changes in the aquatic environment and connectivity among sites.

We measured connectivity in terms of the distance along the stream channel between

sampling sites considering changes in slope. We used a Generalized Dissimilarity Model

(GDM) to evaluate the contribution of connectivity and other water mass characteristics

(dissolved oxygen, pH, conductivity, temperature, and elevation) in predicting changes

in beta diversity. The GDM models explained 33% of the total deviance in species

turnover, suggesting that there are additional variables that have not been considered,

such as available habitats along the rivers. Elevation was the variable with the largest

relative importance in the model and connectivity explained only seven percent of

the total variance when all sites were included. However, when only the sampling

sites in the headwater streams were included (the most geographically isolated sites),

the GDM models explained 51% of the total deviance and the contribution due to

connectivity increased. Isolation of stream headwaters, in conjunction with extreme

conditions present at high elevations may influence the fish assemblage turnover. Our

results provide evidence that elevation has a strong influence on beta diversity of Andean

fish assemblages. Species turnover upstream above 1,200m a.s.l. is strongly influenced

by channel connectivity and there are additional environmental variables that need to be

included in the models to improve their prediction power.
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INTRODUCTION

Freshwater fish represent nearly 10% of all vertebrate species in
the world (Vari and Malabarba, 1998) and each continent has a
distinctive fauna, which is the result of a long geological history
of isolation due to physical barriers and the adaptation of each of
the various groups to particular biotic and abiotic environmental
conditions (Lévêque et al., 2008). The composition and structure
of communities has also been associated with elevation gradients
and changes in environmental factors along the cline. The pattern
observed has been a decrease in species richness and increase
of endemism with the increase in elevation (Lomolino, 2001).
At a local scale, the composition of fish communities has been
the result of these same conditions (Albert and Carvalho, 2011);
however, their relative importance varies (Cilleros et al., 2016).
In the South American Andes, for instance, studies on fish
assemblages have identified elevational climatic gradients as the
main drivers of change in composition and species richness
(Pouilly et al., 2006; Jaramillo-Villa et al., 2010; Carvajal-Quintero
et al., 2015; De La Barra et al., 2016). These analyses did not
consider connectivity throughout the channel within a basin as a
possible factor that could contribute to shaping the composition
of fish assemblages.

The dendritic nature of fluvial networks creates preferential
or obligatory connections for fish and aquatic taxa (Cote
et al., 2009); thus, the spatial positioning of habitats within
a river network could play a crucial role in the way
communities are structured through processes of dispersal
and environmental selection (Altermatt, 2013). Furthermore,
longitudinal fragmentation, known as the natural discontinuity
of fluvial networks, caused by natural waterfalls and rapids may
act as ecological barriers which limit the process of fish dispersal
and even promote speciation events in fragmented sub-drainages
(Dias et al., 2013). As a result, the degree of connectivity within
a given fluvial network should be an important mechanism that
promotes speciation, extinction, and migration in evolutionary
time-scales (Dias et al., 2013).

Both theoretical and empirical studies show that dispersal
through dendritic systems exerts an influence on the spatial
distribution of diversity (Altermatt, 2013). Evidence from fish
communities at high elevations in the Andes suggests that
headwater streams have different compositions despite having
similar environments (Carvajal-Quintero et al., 2015). Therefore,
the connectivity of the fluvial network could play an important
role in the composition of these assemblages. With this in
mind, this study analyzes the variation in the composition
of fish communities in the Cauca River basin (northern
Colombia’s second most important river) considering the local
environmental conditions along the elevational gradient, and
also quantifies the spatial connectivity between fish assemblage
locations.

Beta (β) diversity, defined as the temporal or spatial variation
in species composition, provides a fundamental tool to quantify
the distribution of diversity at a regional level, which has
implications in ecosystem functioning and conservation (Socolar
et al., 2016). β diversity may reflect two types of phenomena:
spatial species turnover and community nestedness (Baselga,

2010). Nestedness occurs when the sites with less species richness
are a subgroup of species that are present in successively richer
sites, whereas turnover is when a species in a specific site is
substituted by other species (Leprieur et al., 2011). This partition
of β diversity into its independent components makes it possible
to find suitable spatial conservation strategies that cannot be
identified through the analysis of general β diversity (Angeler,
2013). For example, if the largest part of β diversity refers to
nested communities, this would allow for the prioritization of a
small number of sites with more species, whereas a high turnover
would require the conservation of a greater amount of sites,
though not necessarily the richest (Baselga, 2010; Guareschi et al.,
2015; Loiseau et al., 2017).

Understanding the effects of the local abiotic conditions
in conjunction with connectivity in dendritic systems at the
local and regional levels is necessary in order to have a better
grasp on ecosystem ecology and how it can be managed
effectively (Barletta et al., 2010). With this in mind, in this
study we seek to (i) quantify β diversity and its two components
(turnover and nestedness) amongst local fish communities, and
(ii) determine the contribution of fluvial connectivity, elevation,
and physicochemical water conditions to explain the variation
in β diversity of the fish fauna along the Cauca River basin
in the northwestern Andes. We expect species turnover to be
determined largely by changes in elevation gradient as has
been reported by other authors (Carvajal-Quintero et al., 2015;
De La Barra et al., 2016), and that fluvial connectivity and
water conditions complement the importance of elevation as a
predictor of species turnover amongst Andean fish assemblages.
Finally, we expect a special importance of connectivity for
headwater fish assemblages that are the most isolated and often
with a highly differentiated biota (Albert and Carvalho, 2011;
Carvajal-Quintero et al., 2015).

MATERIALS AND METHODS

Study Area
Colombia is a topographically diverse country, where the western
region is predominantly mountainous as the Andes subdivide
into three mountain ranges separated by two valleys through
which the Magdalena and Cauca rivers run. Our study takes
place in the Cauca River basin, specifically between 4◦47′54′′-
5◦32′21′′N and 75◦59′53′′-75◦16′34′′W (Figure 1A). This region
is characterized by a bimodal rainfall pattern and is made up
of numerous valleys, plateaus, and smaller mountain ranges
which result in varying climates ranging from temperate in the
mountains to warm, semi-humid climates in the Cauca valley.
We used 45 sampling sites between 700 and 3,500m a.s.l. along
the main Cauca River basin and in its tributary basins, including
Risaralda, Campoalegre, Opiramá, Tapias, Pozo, and Supía rivers.

Sampling
This study was carried out with recommendations and approval
of the Ethics Committee for Animal Experimentation from the
Universidad de Antioquia (CEEA). Fish were captured during
the first low-flow period of 2015 between February and March in
longitudinal transects of 100meters. The fishing effort at each site
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FIGURE 1 | (A) Hydrographic network of the study area. Circle size indicates species richness at each sampling site. Blue circles indicate sites that were used as

headwater streams in the GDM. (B) Cost surface.

consisted in 30 throws using cast nets with different mesh sizes
(0.5, 1, 2 cm) and an area sweep for 60min using electrofishing.

All captured specimens were recorded; some were released,
while others were fixed in 10% formaldehyde, taken to the lab,
stored in 75% alcohol, and identified using taxonomic keys and
compared with identified specimens and deposited in the fish
collection of the Universidad de Antioquia CIUA. The identified
records are available from the Global Biodiversity Information
Facility (URL: https://www.gbif.org).

Each site was georeferenced and the following environmental
variables were recorded using a Multi-Probe System (YSI 556
MPS): dissolved oxygen (mg/l), water temperature (◦C), pH,
and conductivity (µScm−1) (see Table S1 in Supplementary
Material). Even though sampling effort was the same for all sites,
we conducted individual based rarefaction curves for each site
to get an idea of sampling efficacy using the Vegan package
(Oksanen et al., 2018) in software R (R Core Team, 2018).

Connectivity
For the purpose of this study, we defined connectivity among
sampling sites as the degree in which the fluvial network
facilitates or prevents movement between them (Tonkin et al.,
2018). We used the measure of effective resistance, based on
electrical circuit theory, as an indicator of connectivity between
two sites. A high resistance value indicates little connectivity
between sites. To quantify resistance, we generated a cost surface
with low resistances assigned to habitats that are most permeable
to movement, and high resistances assigned to poor dispersal
habitat or to movement barriers (Shah and McRae, 2008). To
accomplish this, we used the elevation raster available from the

PALSAR radar system at a spatial resolution of 12.5m to calculate
slope angles in degrees, and determined drainages (Figure 1B)
using the hydrology toolset from ArcMap 10.2 software (ESRI,
2011). The final cost surface was the result of the sum of both
surfaces. Since the drainages are used for transit, all cells along
the drainage were assigned a value of 1 while all other cells were
discarded. The slope values varied from 0 to 90 degrees, where a
90-degree watercourse slope is vertical.

With the cost surfaces along the drainage systemwe calculated
the fluvial network resistance to organism movement, with the
software Circuitscape (Shah and McRae, 2008). This program
calculates the connectivity between sites based on an analogy with
electrical circuit theory, (McRae and Shah, 2011). Connectivity
is quantified as the amount of current conducted from one site
to another. The resistance of a resistor is the reciprocal of its
conductance and can be thought of as representing isolation or
movement cost between nodes. This measure considers not only
the least cost path but all possible paths between a pair of sites,
which might be more suitable as a measure of connectivity in
biological systems (McRae et al., 2008). In our particular case, we
used the program output file that reporting effective resistances
between all pairs of focal nodes in the pairwise model.

Beta-Diversity Patterns
In order to identify whether the longitudinal fragmentation
caused by changes in elevation influences β diversity among
fish communities, we calculated the Sorensen dissimilarity index
(βsor) and its components: turnover (βsim) and nestedness
(βnes; Equation 1) using the Betapart package (Baselga and
Orme, 2012) in R software (R Core Team, 2018). This index is
based on presence-absence matrices and determines which of the
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components (βsim or βnes) underlies variations in β diversity
through the following equation:

βsor = βsim + βsne ≡
b+ c

2a+ b+ c
=

b

b+ a
+

(

c− b

2a+ b+ c

) (

a

b+ a

)

where βsor is the Sorensen dissimilarity and is made up
of the Simpson similarity (βsim), which consists of the
substitution of species in one site for different species in
another site (species replacement) describing a spatial turnover
that is not influenced by differences in the species richness
of each community, and βnes, which is the nestedness that
occurs when sites with less species richness are a subgroup
of the species at the sites with higher species richness
(Leprieur et al., 2011; Baselga and Orme, 2012).

GDM
To explore which potential environmental and spatial variables
may drive the variation in β diversity (βsor) among sites, we
used a Generalized Dissimilarity Model (GDM). A GDM is a
technique, which allows one to model the spatial variation in
biodiversity based on the variation in environmental conditions,
including means of spatial isolation, such as geographic distance.
The model can predict the change in the composition of
communities, based on a curvilinear relationship with the
predictor variables (Ferrier et al., 2007). This type of relationship
between change in composition and change in the ecological
environment is more adequate since betadiversity reaches a
maximum when two sites do not share species while ecological
dissimilarity can always increase. In its traditional version,
this model uses pairs of geographical coordinates to calculate
distances in a straight line. This would not fit our purpose
since we were interested in calculating distances along the
drainage network and considering slope effects. Thus, we used
the resistance matrix derived from Circuitscape as input in a
non-metric multidimensional scaling (NMDS) analysis with the
aim of transforming the resistance matrix into points on a two-
dimensional space. The coordinates obtained through NMDS for
each of the points were used to calculate euclidean distances
for the GDM model. In addition to the distances calculated, the

following continuous predictor variables were used in the GDM:
dissolved oxygen, pH, elevation, and conductivity.

Two models were constructed; one used all 45 sampling
sites, while the other only used the farthest sites from each of
the drainage branches (seven sampling sites). The first model
sought to capture variables that allow predicting most of the
variation in the fish community composition, whereas the second
model sought to evidence the isolation effect generated by
the distance and accumulation of physical barriers for fish
displacement.

RESULTS

In the 45 sampling sites, 2,475 specimens were recorded
from 43 species grouped in five orders, 13 families, and
29 genera. The rarefaction curves from most sampling sites
presented asymptotic behavior (see Figure S1 in Supplementary
Material), which can be interpreted as evidence that sampling
was representative, at least during the time intervals in which
samples were taken. The greatest species richness (16 species)
was found in the Supía River at 759m a.s.l., whereas the
sites where only one species was collected were at elevations
above 1,400m a.s.l., including La Leona stream, and the high
parts of Pozo River, Tapias River, and Chinchiná River (see
Table S1 in Supplementary Material, Figure 1). Headwater fish
assemblages had on average two species and were characterized
by a prevalence of species of the genus Astroblepus (60%).

The average β diversity (βsor) among all sites was 0.93± 0.002,
and the beta diversity component due to turnover (βsim) was
0.867 ± 0.007, while the component due to nestedness (βnes)
was only 0.063 ± 0.006. The same pattern was observed when
performing the analysis only with the headwater sites. Average
beta diversity (βsor) was 0.8184 ± 0.03, and turnover (βsim) was
themost important component (0.6860+ 0.05), while nestedness
(βnes) was relatively low (0.13 + 0.25). In other words, the
replacement of species is the component that most contributes
to the general beta diversity of the area (Figure 2). The low
percentage of β diversity that was not originated by differences
in species composition is related to nestedness.

FIGURE 2 | Density plots with the distribution of general beta diversity (βsor, solid line) and its nestedness component (βnes, dashed gray line) and turnover

component (βsim, dashed black line). (A) Results for all sampling sites and (B) results for headwater stream sites only.
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The GDM conducted for all sampling sites explained 33.14%
of the total deviance in β diversity, whereas, if conducted using
only the farthest sampling sites in each of the sub-basins, 51% of
the deviance was explained.

In terms of the relative importance of each predictor
variable, results differed betweenmodels (Figure 3). In the model
including all sampling sites, the most important variable was
elevation, followed by pH, dissolved oxygen, and resistance last,
whereas in the model that used only headwater stream sites,
resistance was themost important variable, followed by elevation.
Conductivity does not seem to contribute to either of the models
as all of the coefficients assigned to this I-spline equaled 0.

DISCUSSION

Results of our study support the hypothesis that both
environmental gradients and connectivity exert an effect on the
composition of fish communities, but their relative contributions
vary along the drainage system. Connectivity exerts a greater
contribution to explain beta diversity when only headwater
streams are used, while changes in elevation explain variation
among most other sites. This is partly related to the contrasting
structure of river networks between high and low elevation
sites. While there is a high degree of connectivity in water
systems in lowland areas (e.g., <500m), rivers and streams
in the Andes are isolated and discontinuous (Schaefer, 2011)
partly due to waterfalls and chutes that act as natural barriers
within the fluvial network that affect the degree of connectivity
and configure permeability and the availability of habitats for
freshwater organisms (Rahel, 2007; Dias et al., 2013). As a
result, the degree of connectivity within a fluvial network is
an important mechanism that promotes speciation, extinction,
and migration in evolutionary time-scales (Dias et al., 2013),
with particular relevance in headwater streams. On the other
hand, changes in elevation, which are related to changes in
temperature, vegetation, and substrate conditions, may exert
significant differential selective pressures that account for a major
part of the variation in fish assemblage composition. Unlike
elevation and connectivity, which significantly contribute to
explain the variation in β diversity in this system, changes in local
physicochemical water conditions, such as pH, dissolved oxygen,
and temperature, seem to contribute little (Figure 3). The high
variability of the water conditions at sampling sites is associated
to seasonal precipitation changes, soil types, and the riparian
forest cover, amongst others, which were not measured in this
study. This variation could have reduced the influence of these
variables in the model.

Beta diversity among the fish communities of the Cauca River
basin was mainly characterized by strong species replacement.
Our results support those obtained by Leprieur et al. (2011)
on a global scale, where the variation in β diversity in South
America is mainly caused by turnover. This same result was
found in other studies conducted in freshwater systems at the
local level where the dominant component in terms of β diversity
is turnover and where the nestedness component is generally low
(Tisseuil et al., 2012; Angeler, 2013; Jamoneau et al., 2018). The

FIGURE 3 | I-splines generated for each environmental variable from the GDM

model to predict beta diversity. The maximum height of each curve indicates

the magnitude of turnover in fish communities with respect to that variable.

The relative magnitude among variables within a model is indicative of the

relative importance among variables to explain the changes in β diversity while

maintaining the remaining variables constant. The form of each function

indicates the rate of turnover throughout the gradient. (A) Results of model

with all sampling sites (B), and results only including only headwater stream

sites.

nestedness component is characteristic of lowland communities
(Granado-Lorencio et al., 2012; <500m, Henriques-Silva et al.,
2018), and has been observed in other water organisms, such
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as diatoms (Jamoneau et al., 2018). According to the network
position hypothesis (Brown and Swan, 2010), the communities
of downstream stretches are increasingly influenced by effects of
mass due to their position in the fluvial network, which facilitates
dispersal. Migratory fish are a good example of species with
strong dispersal capacity that can homogenize fish assemblages
especially at low to intermediate elevations (Ríos-Pulgarín et al.,
2008; Jiménez-Segura et al., 2014). Only one migratory species—
Brycon henni—was recorded in this survey and is characterized
by short, lateral migration patterns (Builes and Uran, 1974). We
recovered a low nestedness component because our sampling
sites were located at elevations above 700m. The spatial patterns
of beta diversity evidenced are consistent with a scenario of
differential selection along the elevation gradient that suggests a
steady change in composition along the gradient (Vellend, 2016),
and isolation in conjunction with extreme selective pressures at
headwater sites.

In this study we found an important contribution of
βsim to β diversity, which is often associated with climatic
gradients (McCain, 2005; Bryant et al., 2008). Nonetheless, we
propose that aside from the contribution of climate gradients,
connectivity due to the dendritic structure of the basins and
principally driven by headwater assemblages (Tonkin et al.,
2018) also contributes to the high relative importance of
turnover. Headwater sites are characterized by low species
richness (Figure 1) but very distinctive compositions. Headwater
assemblages are important because, even though they present
low α diversity, they contribute to a high γ diversity with
a group of endemic species (Clarke et al., 2008; Carvajal-
Quintero et al., 2015). In the case of the Andes, the headwater
communities are mainly composed of species belonging to the
genera Astroblepus and Trichomycterus (Barletta et al., 2010;
Jiménez-Segura et al., 2016), which have been recorded at up to
3,300m a.s.l (Maldonado et al., 2011). Besides the importance
of these assemblages due to their distinctive composition,
the functional traits present in these species reflect unique
adaptations required by the fish in order to inhabit water bodies
characterized by extreme environmental conditions, such as low
temperatures, high slopes, and fast-flowing waters. Fish from
the Astroblepus genus are characterized by depressed bodies,
lips specialized for adhering to substrates, dorsolateral eyes,
and well-developed pectoral, pelvic, and caudal fins, which
provide greater stability on the substrate and allow for rapid,
explosive movements (De Crop et al., 2013; Conde-Saldaña et al.,
2017). This genus presents a complex history where divergence
and dispersal along the drainage basins are the main factors
explaining their distribution; they are usually species that are
endemic or unique to a particular river or its adjacent systems
(Schaefer et al., 2011).

Defining conservation areas to protect species as well as
endemisms within fluvial networks, should consider not only
the number of drainages but also the probability of connection
among them. Our results indicate that low-order drainages are
the most isolated and present a number of endemic species.
The challenge lies not only in determining how many patches
to conserve, but also which ones. In Colombia, ca. 25,711
km2 at elevations above 1,000m are under some type of

protection. Thus, an important next step is to identify the
water bodies that exist within the current protected areas and
determine whether it is necessary to complement the existing
reserve network with new areas or if the current protected
network is accomplishing our conservation goals. It is important
to keep in mind that our analyses were conducted in a
small part of the central branch of the Andes and that the
ichthyofauna of the other two branches may differ in terms of
species composition (Jiménez-Segura et al., 2014). Therefore,
it will be necessary to increase the extent of this analysis in
order to obtain a broader perspective on the conservation
strategies that must be implemented in the northwestern Andean
region.

In conclusion, we identified patterns in the spatial distribution
of β diversity that support a role for environmental gradients and
connectivity at the local level, and we suggest that the effects of
connectivity are magnified in headwater streams. Even though
most studies along mountain sides identify climate gradients
as ultimate drivers of variation in community properties, we
were able to unmask the effects of other variables such as
connectivity among sites, considering that euclidean geographic
distances are not adequate to describe the complex structure
of fluvial networks (Henriques-Silva et al., 2018). Our models
explained only 33 and 51% of the variation in β diversity, which
suggests that there may be other variables that have not yet been
considered; for example, our analyses did not take into account
the one-directional flow of water nor other environmental
variables, such as the watercourse width, depth, and stream
bed composition. We suggest that future studies include these
variables as well as the interaction between topography and water
mass (water level and average velocity of the water bodies).
Regarding composition, it is important to take samples during
other seasons and at lower elevations in order to detect the
influence of migratory species, which, due to their movement
capacity, would participate in different communities depending
on the time of year. Continuing to model these scenarios will
improve our understanding of the system behavior and allow us
to identify the possible effects of basin fragmentation and climate
change in Andean fish communities.
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