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Abstract. A major goal in ecology is to understand mechanisms that influence patterns of
biodiversity and community assembly at various spatial and temporal scales. Understanding
how community composition is created and maintained also is critical for natural resource
management and biological conservation. In this study, we investigated environmental and
spatial factors influencing beta diversity of local fish assemblages along the longitudinal gradi-
ent of a nearly pristine Neotropical river in the Colombian Llanos. Standardized surveys were
conducted during the low-water season at 34 sites within the Bita River Basin. Physical, chemi-
cal, and landscape parameters were recorded at each site, and asymmetric eigenvector maps
were used as spatial variables. To examine the relative influence of dispersal and environmental
variables on beta diversity and its components, distance-based redundancy analysis (db-RDA)
and variation partitioning analysis were conducted. We proposed that spatial scale of analysis
and position within the river network would constrain patterns of beta diversity in different
ways. However, results indicated that in this system, high beta diversity was consistent among
species assemblages no matter the scale of analysis or position within the river network. Spe-
cies replacement (turnover) dominated beta diversity, an indication of the importance of spe-
cies sorting. These findings suggested that conservation of fish diversity in tropical rivers
requires maintenance of both habitat heterogeneity (spatial variation in habitat conditions)
and connectivity at the scale of entire river basins.

Key words: Beta-diversity partition; fluvial gradient; Llanos; metacommunity; river network; species
sorting; species turnover.

INTRODUCTION

Biodiversity is a broad concept that encompasses
more than just the number of species found in a certain
place and includes multiple levels of organization from
genes to ecosystems as well as ecological and evolution-
ary processes that maintain various components (Mou-
chet et al. 2010). The measurement of biodiversity has
been a major challenge in community ecology (Vill�eger
et al. 2013), and multiple concepts and approaches have
been adopted (Clements 1916, Gleason 1926, Whittaker
1960, Cody et al. 1975, Simberloff 1983, Hubbell 2001).
Traditionally, ecologists have focused on factors that
affect communities locally. However, during the last
25 yr a large number of studies have shown how local
communities exchange organisms to form metacommu-
nities, and how the processes of speciation, extinction,
dispersal, and environmental filtering interact at various
spatial and temporal scales to structure

metacommunities (Ricklefs and Schluter 1993, Leibold
et al. 2004, Dray et al. 2012).
Theoretical and empirical research has given rise to

four conceptual models of metacommunity dynamics,
each carrying different assumptions about processes
structuring local communities. The patch dynamics
model focuses on patch colonization-extinction pro-
cesses that are affected by a trade-off between species
colonization and competitive abilities, whereas the spe-
cies-sorting model emphasizes organisms’ ability to
select and occupy areas with suitable environmental con-
ditions. The mass effects model focuses on source–sink
patch dynamics driven by high dispersal rates, habitat
heterogeneity and life history differences among species,
whereas the neutral model assumes interspecific niche
difference is unimportant and patches have stochastic
colonization-extinction dynamics (Leibold and Mikkel-
son 2002, Leibold et al. 2004, Leibold and Chase 2017).
In riverine systems, the concept of patch dynamics has

been recognized as being generally applicable to benthic
algae and aquatic macroinvertebrate metacommunities,
the mass effect paradigm to intertidal invertebrates and
coral reef fishes, and the species-sorting paradigm
to numerous taxa, including algae, meiofauna,
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macroinvertebrates, and fishes (Winemiller et al. 2010).
In an African river floodplain, Jackson et al. (2013)
found that mass effect, patch dynamics, and species-sort-
ing concepts all were consistent with fish assemblage
structure, and L�opez-Delgado et al. (2019) inferred that
species sorting had a strong influence on spatial varia-
tion of fish assemblages in a Neotropical river system.
Recently, Heino et al. (2015b) and Brown et al. (2017)
criticized research aimed at confirming alternative meta-
community paradigms and proposed the existence of
structures beyond the four proposed by Leibold et al.
(2004).
Advances in metacommunity ecology have been

accompanied by new conceptual and statistical methods
that facilitate better understanding of how community
composition varies in space and time (Podani and Sch-
mera 2011, Baselga et al. 2012, Podani et al. 2013,
Legendre 2014). Spatial variation in species composition
was originally defined as beta diversity by Whittaker
(1960). Historically, spatial variation in assemblage com-
position has been interpreted as species-specific
responses to environmental gradients, with locations
having similar conditions predicted to have similar
assemblages (Whittaker 1960). However, some studies
have shown that geographic distance explains patterns
of assemblage similarity better than local environmental
factors, which suggests strong influence from dispersal
dynamics (Baselga and Jim�enez-Valverde 2007). Because
beta diversity evaluates more than just species richness,
and assemblage composition contains additional infor-
mation reflecting ecological and evolutionary processes
(Baselga et al. 2012, Legendre and De C�aceres 2013),
beta diversity has attracted great attention from commu-
nity ecologists during the past 25 yr. Analysis of beta
diversity allows ecologists to test hypotheses about
mechanisms that generate and maintain biodiversity
(Legendre and De C�aceres 2013), which is crucial both
for understanding how biodiversity is related to ecosys-
tem functioning and for biodiversity conservation.
Over the last decade, several indices have been devel-

oped to decompose beta diversity into species replace-
ment, richness difference, and nestedness components
(Baselga and Jim�enez-Valverde 2007, Podani and Sch-
mera 2011, Schmera and Podani 2011, Baselga 2012,
Baselga et al. 2012, Podani et al. 2013, Cardoso et al.
2014). Some of the most popular indices make use of
partition methods proposed by Podani and Schmera
(2011) and Baselga (2012). Legendre (2014) defined
these indices as the Podani and Baselga families. The
indices in the Podani family decompose beta diversity
into species replacement and richnness difference, and
those in the Baselga family decompose beta diversity
into species replacement and nestedness. According to
Legendre (2014), richness difference is not the same as
the nestedness index in the Baselga family. Podani and
Schmera (2011) proposed a relativized nestedness index
that can be directly compared with Baselga’s nestedness
index.

Species replacement (i.e., turnover) and richness dif-
ference can be calculated from dissimilarity coefficients
and then used as measures of variation in assemblage
composition (b diversity; Legendre 2014). Species
replacement describes the simultaneous gain and loss of
species along spatial or temporal gradients that poten-
tially are caused by environmental filtering, biotic inter-
actions or historical factors (Podani and Schmera 2011,
Legendre and De C�aceres 2013). Conversely, a species
richness difference occurs when one community includes
a larger set of species than other, including cases in
which one community is a nested subset of species that
comprise the other (nestedness sensu Baselga 2012).
Richness differences reflect contrasts in niche diversity
across spatial or temporal scales and may involve barri-
ers to dispersal, competitive exclusion, or other mecha-
nisms affecting colonization and extinction (Ricklefs
2006, Schmera and Podani 2011, Baselga 2012, Legendre
2014, Ricklefs and He 2016).
The dendritic structure of fluvial networks has been

shown to affect b-diversity patterns of microbial, plant,
amphibian, and fish assemblages in various types of
aquatic systems (Heino et al. 2015b, Tonkin et al. 2018).
For example, Vitorino J�unior et al. (2016) inferred that
environmental filtering and dispersal constraints
affected patterns of species replacement in headwater
tributaries of a tropical river drainage. In contrast, spe-
cies turnover was lower in the river mainstem, likely
because of greater habitat connectivity and dispersal
allowing for a strong influence of the mass effect on
metapopulation dynamics. Datry et al. (2016) proposed
that changes in b diversity along longitudinal fluvial gra-
dients are related to the unidirectional flow of water and
passive dispersal of organisms “downstream” in river
networks, generating an increase in species b diversity
from upstream to downstream. Consequently, spatial
variation in aquatic community structure is strongly
influenced by dispersal (mass effect) and habitat selec-
tion (species sorting). Headwater reaches of tributaries
are relatively isolated and, together with the unidirec-
tional flow of water, have less dispersal, which should
result in communities that more strongly reflect species
sorting. Conversely, high habitat connectivity within the
river mainstem should result in local communities that
more strongly reflect the mass effect (Heino et al.
2015b).
Aquatic community structure could be influenced by

location within the fluvial network in other ways. The
network position hypothesis (NPH) predicts that local
environmental factors structure communities in headwa-
ters, and downstream sites communities are structure
mainly by dispersal and mass effect (Brown and Swan
2010). According to Schmera et al. (2018), predictions of
the NPH have been observed in macroinvertebrate and
fish communities. Recently, Henriques-Silva et al. (2019)
concluded that stream fish assemblages in French catch-
ments were influenced mostly by habitat heterogeneity
and connectivity as predicted by the NPH. Heino et al.
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(2015a) proposed that the relationship between environ-
mental heterogeneity and b diversity should be a stron-
gest when dispersal rates are intermediate. Gianuca et al.
(2017) examined the potential role of dispersal and envi-
ronmental heterogeneity in determining b diversity and
its components in zooplankton communities. They
found that dispersal limitation increased b diversity via
species replacement within homogeneous landscapes. In
environmentally heterogeneous landscapes, the impor-
tance of b-diversity components changed depending on
dispersal rates.
The goal of the present study was to elucidate patterns

and potential causes of b diversity variation and species
replacement in fish metacommunities along the longitu-
dinal gradient of the Bita River, a lowland river with an
undisturbed watershed in Colombia. In particular, we
investigated whether or not position within the river net-
work had an effect on patterns of b diversity. At the
basin level, given that environmental heterogeneity is
high and dispersal rates should be intermediate, we pro-
posed that species track suitable environmental condi-
tions, and therefore b diversity should be high, mainly
because of species replacement (i.e., turnover) owing to
species sorting. At a finer scale (“section-level,” consid-
ering variation among localities within a river section), b
diversity patterns should vary depending on position
within the river network. Because headwater sites typi-
cally are environmentally heterogeneous, relatively iso-
lated within the river network, and therefore receiving
fewer migrants, b diversity should be high and mainly
influenced by species turnover because of species sort-
ing. Conversely, at downstream sites close to the river
mouth where aquatic habitats are more interconnected,
high dispersal rates should give rise to a strong mass
effect that tends to reduce b diversity. As a result, species
turnover should be relatively low, with spatial differences
in species richness likely to reflect a nested pattern.

METHODS

Study area

The Bita River Basin recently was designated a wet-
land of international importance under the Ramsar con-
vention, thus providing a strong rationale for protecting
of one of the world’s few remaining free-flowing rivers
(World Wide Fund for Nature 2018). The watershed
spans an area of 812,312 ha between the municipalities
of La Primavera and Puerto Carre~no in Vichada depart-
ment within the eastern Colombian Llanos. The Bita
River channel is approximately 700 km, meandering
over a very shallow elevational gradient (0.357 m/km)
eastward to its juncture with the Orinoco River. Approx-
imately 5,000 small streams join the Bita River at loca-
tions throughout its longitudinal gradient. The climate
is tropical and hot with an average temperature of 27–
28°C and average annual precipitation of 2,300 mm.
The region has two well-defined periods: a dry period

with very low precipitation between December and
March, and a wet season with high precipitation
between April and November (Trujillo and Lasso 2017).
During the wet season, the river floods adjacent forests
and savannas (Trujillo and Lasso 2017). The basin con-
tains diverse aquatic habitats, including primary and sec-
ondary channels, oxbows, floodplain lakes, and creeks
bordered by moriche palms, Mauritia flexuosa (Lasso
et al. 2011).

Surveys

Between January and March 2016, we performed two
field expeditions along the entire longitudinal gradient
of the Bita River Basin. We selected 34 sampling sites
and divided the basin into four sections of equal length
(high, mid-high, mid-low, low; Fig. 1). Surveys were con-
ducted during the low-water period, which facilitated
fish collections because of high per-unit-area fish densi-
ties within contracted aquatic habitat and reduced
opportunities for dispersal (Pease et al. 2012). Each sur-
vey location was a 200-m reach encompassing all avail-
able macrohabitats. Fishes were collected using two gill
nets (10 9 2 m, with 10-cm mesh) deployed for 2 h
within littoral habitat, and one seine net (3-mm mesh,
10 9 1.5 m) that was hauled seven times over a distance
of 20 m for a total distance of 210 m. Specimens were
anesthetized and euthanized according to an approved
Texas A&M University animal use protocol (IACUC
2015-0360), fixed in 10% formalin and transferred to
70% ethanol in the laboratory for final preservation. All
specimens were identified to the lowest feasible taxo-
nomic level (with few exceptions this was to species) and
subsequently registered as vouchers in the ichthyology
collection of the Instituto von Humboldt (IAvH-P) and
the Universidad del Tolima (CZUT-IC) in Colombia.

Environmental and spatial factors

At each survey site, environmental conditions were
recorded according to six habitat categories following
the methods of Pease et al. (2012): channel morphology,
substrate, instream cover, water parameters, local ripar-
ian buffer, and landscape variables (Appendix S1:
Table S1). Substrate and instream cover were visually
estimated along each 200-m reach. The high trans-
parency of this clearwater river allowed us to view the
river bed in littoral areas throughout the basin. Water
physicochemical parameters were measured using a mul-
tiparameter probe (YSI model 85). Landscape and ripar-
ian buffer variables were measured using satellite images
in a circular buffer of 1 km using ArcMap (Version
10.3.1).
To compose spatial predictors, we used asymmetric

eigenvector maps (AEM; Blanchet et al. 2008, Blanchet
et al. 2011), an efficient means for modeling spatial pat-
terns at different scales. We first constructed a connec-
tion diagram that linked survey sites according to their
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position within the river network (Fig. 1). With the con-
nection diagram, we constructed a sites-by-edges matrix
(See Table S3 from L�opez-Delgado et al. 2019) to per-
form an AEM eigenfunction analysis using the aem
function from the package adespatial (Dray et al. 2017)
in R (Version 3.4.1; R Development Core Team 2017).

Data analysis

Analyses were conducted at two levels. At the basin
level, we used the overall data set (34 sites); at the section
level, we included only those sites within a given section
along the longitudinal fluvial gradient (high, mid-high,
mid-low, low). In the latter analysis, each section had a
regional species pool that was the sum total of species
collected from sites within that section. This approach
allowed us to test whether b-diversity patterns differ
depending on position within the river network. In addi-
tion, we performed analyses using both species pres-
ence–absence and abundance data, because both provide
useful and complementary information about mecha-
nisms structuring communities at different spatial scales
(Legendre 2014, Gianuca et al. 2017, Perez Rocha et al.
2018).

b diversity decomposition

b diversity was assessed using sites-by-species matrices
with either presence/absence or abundance data. For
presence/absence data, Jaccard dissimilarity coefficients
were used; for species abundance data, we used Ru�zi�cka
dissimilarity. Species abundance was transformed using
the square-root transformation to minimize differences
because of the high abundance of some species. Next, b
diversity was partitioned using the Podani family
decompositions into components of species richness dif-
ference and species replacement as described by Legen-
dre (2014), using the function beta.div.comp from the
library adespatial (Dray et al. 2017) in R (Version 3.4.1).
Once b diversity and its components (richness differ-

ence and replacement) were estimated, the next step was
to identify if these values differ as function of the posi-
tion within the river network. To do that, we used per-
mutational analysis of multivariate dispersion
“PERMDISP” (Anderson et al. 2006), an analysis that
tests if b diversity and its components (response vari-
ables) differ among the four river sections (factors).
Tukey’s HSD was then used to test for significant pair-
wise differences between river sections. Both analyses

FIG. 1. Map showing 34 survey sites distributed among four sections of the Bita River Basin in the Colombian Llanos.

Article e02940; page 4 EDWIN O. L�OPEZ-DELGADO ETAL. Ecology, Vol. 101, No. 2



were performed using the betadisper function from the
vegan package (Oksanen et al. 2018) in R.

Simplex analysis

Given that species richness difference (Richdiff) and
replacement (Repl) combine to equal b diversity (D),
and similarity (S) is equal to 1 � D, Podani et al. (2013)
proposed a way to represent these three values
(S + Repl + RichDiff = 1) in a triangular graph that
they called an SDR-simplex plot. Each side of the trian-
gle represents one of the three components. The location
of the scatter of points among all possible pairs of sites
reflects the relative importance of the species richness
difference and replacement components of b diversity.
SDR-simplex plots were created for data sets at the basin
level and for each of four sections within the river net-
work. SDR-simplex plots were created using the func-
tion ggtern form the ggtern package in R. In additional
to the triangular plot, SDR-simplex analysis provides
information for the percent contribution of each compo-
nent. More information about how to perform and inter-
pret the SDR-simplex analysis can be found in Podani
et al. (2013).

Local contributions to b diversity (LCBD)

To measure the contribution of each site to b diversity,
we calculated the LCBD index, an estimate of the com-
positional uniqueness of local assemblages relative to
the basin-wide metacommunity. LCBD indices were cal-
culated for the b diversity and its components; richness
difference and replacement, using the function LCBD.-
comp from the adespatial package in R. Large LCBD
values indicate sites that may have high conservation sta-
tus for their particular species combinations or sites with
a very low number of species that may be candidates for
ecological restoration (Legendre and De C�aceres 2013).
To identify if LCBD values were related to local richness
and abundance, Spearman correlation tests were per-
formed using the function cor.test from the library stats.
This method was selected because some variables did
not have normal distributions.

Explaining variation in b diversity and its components

To test if variation in assemblage dissimilarity matri-
ces (b diversity, species richness difference, species
replacement) were related to environmental and spatial
factors along the longitudinal fluvial gradient, the dis-
tance-based redundancy analysis (db-RDA) method was
applied (Legendre and Anderson 1999). This method
works well when the dissimilarity matrix is Euclidean.
For that reason, Podani’s family decomposition method
was used. According to Legendre (2014), matrices pro-
duced by this family are Euclidean and can be fully rep-
resented in the Euclidean space without transformation.
db-RDA was calculated using the function dbRDA.D

from appendix S4 in Legendre (2014); this function pro-
duces an F-test of significance for the response data
matrix (b diversity and its components) and a set of
explanatory variables (environmental and spatial).
To select environmental and spatial variables that were

significantly related to b diversity and its components, a
forward selection procedure was conducted using each
of the dissimilarity matrices as response data (one by
one) and the environmental and spatial variables (sepa-
rated) as explanatory data following Legendre (2014).
Prior to performing the db-RDA and forward proce-
dure, environmental variables were transformed and z-
score standardized because they were measured using
different units. Variables expressed as proportions were
transformed to the arcsine of their square root. The
remaining variables were log(x + 1) transformed, with
the exception of ordinal and categorical data, for which
no transformation was performed. The function for-
ward.sel from the adespatial package in Rwas used with
999 permutations and significance at alpha = 0.05.

Variation partitioning

To determine the relative influence of environmental
and spatial variables on each of the dissimilarity matri-
ces, the variance partitioning procedure was applied
(Peres-Neto et al. 2006). According to Clappe et al.
(2018), this method is routinely used in ecology to assess
the importance of environmental and spatial variables
on metacommunities. Because dissimilarity matrices are
being used as response data, we used db-RDA to parti-
tion the variation into the pure components of environ-
ment, space, and their shared contribution to the
explanation of b diversity and its components. To test
the significance of each testable component, an
ANOVA-like permutation test for the db-RDA was per-
formed with 999 permutations and alpha = 0.05. These
analyses were carried out using the functions varpart
and anova from the vegan package in R.

RESULTS

We recorded 201 species in the study area among a total
of 25,928 fish specimens collected, with 148 species occur-
ring in the mid-high section, 142 in the mid-low section,
67 in the low section, and 60 in the high section
(Appendix S1: Table S2). Local richness ranged from 4 to
55 species, with an average number of 28 species per site.
At the basin level, b diversity was high for both data
types, although slightly higher for abundance data
(Table 1). When presence–absence (P/A) data were ana-
lyzed, the fish diversity at the basin scale was dominated
by species replacement, which accounted for 55.7% of b
diversity, reflecting the continuous turnover of fish species
along the longitudinal gradient of Bita River. The simplex
diagram confirmed these results, and most of the site
pairs were concentrated close to the b-diversity edge, with
the centroid of the point cloud near the species
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replacement corner (Fig. 2). Results obtained using abun-
dance data were nearly identical (Table 1, Fig. 2).
b-diversity patterns were analyzed for sites within each

of the four river sections. For P/A data, values of b
diversity ranged from 0.76 to 0.88 with species replace-
ment dominating b diversity along the longitudinal gra-
dient. Results from the simplex diagrams showed that in
all four sections, sites pairs are concentrated near to the
b-diversity edge and the centroids of the point clouds
were close to the replacement corner, reflecting major
species replacement no matter the position within the
river network (Appendix S1: Fig. S1). According to
results from PERMDISP analysis, only b diversity was
significantly different among the river sections
(P = 0.023). Tukey honestly significant difference
(HSD) pairwise comparisons revealed that the low sec-
tion was significantly different from the mid-high and
mid-low sections (Appendix S1: Table S3).
When species abundance was considered, values of b

diversity were higher than values computed from P/A
data (Table 1). These ranged from 0.84 to 0.92. Results
from the simplex diagrams were similar to those based
on analysis of P/A data, with centroids of the point
clouds close to the replacement corner (Appendix S1:
Fig. S2). PERMDISP revealed a significant difference
only in total b diversity (P = 0.001), and pairwise com-
parisons showed that the low section was significantly
different from the mid-high and mid-low sections
(Appendix S1: Table S3).
LCBD indices were computed for b diversity and its

two components, richness difference and species replace-
ment, using P/A and abundance data (Fig. 3). LCBD
values for b diversity were similar for both data types;
sites located in the mid-high section (E5, E8, E12, E16)
had the highest values. Spearman rank correlation
results showed that LCBD values were inversely associ-
ated with local richness and abundance, and, therefore,
these survey sites were exceptional because of their

particular species combinations, low richness, and low
abundance (Appendix S1: Table S4).
High LCBD values for richness difference values were

obtained for sites E3, E12, E27, and E30 (Fig. 3). These
sites were located in high, mid-high, and mid-low sec-
tions. Local richness and abundance were not signifi-
cantly correlated with LCBD richness difference values
(Appendix S1: Table S4); however, most of the sites had
low richness, with the exception of site E27, which was
the richest site with 55 species.
High LCBD values for abundance difference were

found at sites E12 and E16 located in the two middle sec-
tions (Fig. 3). LCBD at these sites was negatively corre-
lated with local abundance (Appendix S1: Table S4), and
these sites had low values for species richness and abun-
dance. LCBD values for species richness and abundance
replacement were relatively similar for most sampling
sites across the longitudinal gradient (Fig. 3), and were
not significantly related to local richness or abundance
(Appendix S1: Table S4).
The forward selection procedure for P/A data selected

14 environmental variables and six AEM spatial predic-
tors for b diversity. For richness difference, 15 environ-
mental variables and 1 spatial variable were selected,
and for species replacement, 14 environmental and 3
spatial variables were selected. Most of the environmen-
tal variables were associated with instream cover
(Appendix S1: Table S5), reflecting the importance of
habitat variation for b-diversity patterns in the Bita
River. For the analysis using abundance data, the selec-
tion procedure identified 4 environmental and 12 spatial
variables related to b diversity. For abundance difference,
14 environmental and 1 spatial variable were selected,
and for abundance replacement, 14 environmental and 8
spatial variables were selected (Appendix S1: Table S6).
Environmental variables selected for both data types
were almost the same; consequently, these variables were
subsequently used in a variation partitioning analysis.
All components from the variation partitioning analy-

sis for P/A data explained significant variation in b
diversity (P < 0.05; Appendix S1: Table S7). A little
more than 8% of the variation was modeled by the pure
environmental fraction, 6.4% by the combined influence
of environment and space, and 2.4% by pure spatial pre-
dictors (Fig. 4). Variation in richness difference was only
significantly explained by the pure spatial component,
unlike species replacement for which pure environmental
and spatial fractions were significant, with the environ-
mental factor explaining more variation.
For the variation partitioning analysis based on abun-

dance data, all components explained significant varia-
tion in b diversity (P < 0.05). Environmental factors
explained 5.8% of the variation, combined environment
and spatial factors explained 4.8%, and 3.5% was
explained by spatial factors alone. No environmental or
spatial variables were found to influence abundance dif-
ference and replacement components of b diversity sig-
nificantly (Fig. 4; Appendix S1: Table S7).

TABLE 1. Beta diversity and contributions of its components
for presence/absence (P/A) and abundance data based on the
entire basin (Basin) and each of four sections of the Bita
River.

Region unit
level Data S R D b Nest

Basin P/A 0.14 0.56 0.31 0.86 0.41
Abundance 0.09 0.53 0.38 0.91 0.43

High P/A 0.15 0.56 0.29 0.85 0.44
Abundance 0.13 0.53 0.34 0.87 0.47

Mid-high P/A 0.12 0.56 0.32 0.88 0.36
Abundance 0.08 0.52 0.40 0.92 0.37

Mid-low P/A 0.16 0.52 0.32 0.84 0.48
Abundance 0.11 0.54 0.35 0.89 0.45

Low P/A 0.24 0.59 0.17 0.76 0.41
Abundance 0.16 0.62 0.21 0.84 0.38

Note: Nestedness was calculated according to Podani et al.
(2013); S denotes similarity, D is difference, R is replacement, b
is beta diversity, and Nest is nestedness.
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DISCUSSION

We examined patterns of b diversity and its compo-
nents of fish metacommunities in the Bita River at two

different spatial scales. At the basin level, results from
both presence/absence and abundance data revealed con-
sistently high b diversity influenced by species turnover
and abundance replacement rather than richness

FIG. 2. SDR-simplex plots for survey sites in the Bita River along its fluvial longitudinal gradient. Each black dot represents a
pair of sites. The large gray dot represents the centroid of the point cloud. S (similarity), D (difference), R (replacement), Sp repl
and Abun repl (species and abundance replacement), Abun diff and Rich diff (abundance and richness difference). (a) Jaccard dis-
similarity coefficients for P/ A data, and (b) Ru�zi�cka dissimilarity coefficients for species abundance data.

FIG. 3. Results of the local contributions to b diversity (LCBD) values for the Bita River. (a) b diversity (P/A-Jaccard dissimilar-
ity), (b) richness difference, (c) species replacement, (d) b diversity (Ru�zi�cka dissimilarity), (e) abundance difference, and (f) abun-
dance replacement.
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differences or nestedness across the fluvial longitudinal
gradient. Similar findings have been reported for phyto-
plankton (Maloufi et al. 2016), aquatic macroinverte-
brates (Hill et al. 2017), beetles (Tonkin et al. 2016b),
fish (Leprieur et al. 2012), amphibians and reptiles (Lau-
rencio and Fitzgerald 2010), birds, and mammals (Melo
et al. 2009, Si et al. 2016).
Environmental factors alone explained a higher frac-

tion of variation in b diversity and its components than
did spatial factors alone or shared environmental and
spatial factors, implying that environmental filters con-
strain species distributions and abundances, which is
consistent with species-sorting metacommunity concept
(Soininen 2014, C�ordova-Tapia et al. 2018). These
results support our first hypothesis that, at the basin
level, among-site environmental heterogeneity is high

and species are able to disperse and select suitable envi-
ronmental conditions, resulting in high b diversity driven
by species replacement. Heino et al. (2015a) found that,
at the basin level, environmental factors control b diver-
sity patterns when dispersal rates are intermediate, pro-
ducing variability in species composition among sites
(Chase and Leibold 2003, Soininen 2014). They also
proposed that there should be a positive relationship
between b diversity and environmental heterogeneity. We
found similar results, with the most influential environ-
mental variables associated with the structural complex-
ity of instream habitat, reinforcing the importance of
habitat heterogeneity for local fish assemblage structure.
In the Bita River, habitat features apparently act as a fil-
ter that selects for particular combination of traits asso-
ciated with locomotion, feeding, defense, and

FIG. 4. Variation partitioning analysis for b diversity and its components, and selected groups of environmental and spatial vari-
ables. (a) b diversity (P/A-Jaccard dissimilarity), (b) richness difference, (c) species replacement, (d) b diversity (Ru�zi�cka dissimilar-
ity), (e) abundance difference, and (f) abundance replacement. Values represent the adjusted R2, negative fraction values are not
presented.
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reproduction. Some examples are Dicrossus filamentosus,
Elachocharax pulcher, Crenicichla wallacii, and Nannos-
tomus unifasciatus, species that principally occurred in
structurally complex habitats with large amounts of sub-
merged leafpacks and woody debris. Other species, such
as Eigenmannia macrops, Gymnorhamphichthys rondoni,
Mastiglanis asopos, Amazonsprattus scintilla, Bivi-
branchia fowleri, Knodus cinarucoense, and Acestro-
cephalus sardina, were found mainly on submerged
sandbanks, relatively homogenous environments con-
taining little instream cover.
Variation partitioning analysis revealed different rela-

tionships between b-diversity components and variables,
depending on the type of data analyzed. For presence/
absence data, species replacement was significantly asso-
ciated with both pure environmental and spatial factors.
However, the richness difference was only significantly
related to spatial factors, which could be related to the
limited dispersal capabilities of certain species. This sup-
ports the idea that moderate dispersal is required for
species to track suitable environmental conditions
(Heino et al. 2015b). With regards to species abundance
data, none of the b-diversity components were signifi-
cantly associated with the pure environment or space
fractions. This, together with large unexplained variation
found in all partitioning analyses, could be because we
missed other important environmental and spatial pre-
dictors as well as variables related to factors such as bio-
tic interactions (competition, predation) and stochastic
events (Chase 2010, Devercelli et al. 2016). Similar
results were found in a large data set of stream insect
communities studied by Heino et al. (2015c). They found
that environmental and spatial variables were poor pre-
dictors of aquatic insect assemblages and suggested
stream ecologists should measure additional and more
complex environmental factors.
At the section level, patterns of species replacement

and richness difference from analysis of abundance data
were expected to vary, depending on location within the
longitudinal gradient. The headwater section should
have high b diversity driven mainly by species turnover.
Within the downstream section closest to the river
mouth, high dispersal rates (strong mass effect) should
reduce b diversity as well as the turnover component
(Tonkin et al. 2016a, Ferreira et al. 2019). However,
these predictions were not supported by results obtained
for fish assemblages in the four sections of the Bita
River. b diversity was high in all river sections, with
strong species and abundance replacement (spatial turn-
over) rather than richness differences.
Our results from analyses are consistent with the envi-

ronmental control model proposed by Heino et al.
(2015a), which assumes that species sorting prevails
across multiple scales when dispersal rates are insuffi-
cient to overwhelm the environmental filtering process.
These authors also stated that when communities are
dominated by organisms with limited dispersal rates and
short dispersal capabilities, a strong positive b diversity–

environmental heterogeneity relationship should be
detected at multiple spatial scales, which is in accordance
with results obtained for Bita River fishes. De Bie et al.
(2012) also reported strong species sorting in small fresh-
water organisms and concluded that this was associated
with their demography (short generation times, rapid
population growth potential) and dispersal limitation.
Fish assemblages in littoral habitats of the Bita River

were dominated by small species, such as Amazonprattus
scintilla (Engraulidae), Hemigrammus elegans, H. geis-
leri, H. analis, and Hyphessobrycon diancistrus (Characi-
dae). Species that tend to occupy areas with deeper
water, for instance, large catfishes (Pimelodidae, Doradi-
dae) and croakers (Sciaenidae), as well as those with
body shapes that have low susceptibility to capture in
gillnets (e.g., stingrays [Potamotrygonidae]), clearly were
underrepresented in our samples. However, our surveys
captured nearly 80% of all fish species reported from the
Bita River Basin (Trujillo and Lasso 2017) and 30% of
all fish species reported for the Colombian Orinoco
hydrographic region (DoNascimiento et al. 2017). Simi-
lar species richness has been reported for other rivers in
the region, including the Casiquiare (174 spp.), Arauca
(191 spp.), Tomo (282 spp.), and Cinaruco (238 spp.;
Lasso et al. 2004, Maldonado-Ocampo et al. 2006,
Lasso et al. 2016). Our surveys were conducted during
the annual low-water period when fish dispersal oppor-
tunities are lowest, conditions that should promote b
diversity via environmental control sensu Heino et al.
(2015a). Different patterns might be obtained during the
wet season when flooding creates a complex of aquatic
habitats with high lateral and longitudinal connectivity.
In Venezuela’s Cinaruco River, a Llanos river very simi-
lar to the Bita River, Arrington and Winemiller (2006)
found that composition of fish assemblages in struc-
turally complex habitats was nonrandom during the
low-water period, but during the period of rising water,
fish assemblages reflected a strong influence of stochas-
tic colonization dynamics. The annual flood pulse pro-
motes fish dispersal, frequent restructuring of fish
assemblages over variable spatial scales, homogenization
of assemblage composition, and a decline in b diversity.
Guti�errez et al. (2018) evaluated the effects of environ-
mental heterogeneity and floods on fish b diversity in a
floodplain reach of the Upper Paran�a River and found
that for species with high dispersal capabilities, there was
no clear relation between the flood pulse, environmental
heterogeneity, and b diversity. Only those fishes with lim-
ited dispersal rates, especially substrate-nesting species
with brood care, revealed patterns associated with hydro-
logical and environmental variation.
Large LCBD values indicate local assemblages (sites)

with strongly divergent species composition compared
with the regional average. Relatively undisturbed habitats
supporting these local assemblages are particularly impor-
tant for biodiversity conservation because of their unique
features that support species with limited distributions in
the riverscape. Conversely, some sites with large LCBD
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values may represent divergent assemblage structures that
reflect impacted habitats that may be candidates for eco-
logical restoration (Legendre 2014). Large values were
observed for fish assemblages in the two middle sections
of the Bita River, and this was the case for both presence/
absence and abundance data sets. Some of these sites had
high species richness, but most of the sites had relatively
low species richness and fish abundance compared with
sites in the upper and lower sections. Sites with high spe-
cies richness might be explained by the transitional nature
of the fluvial landscape within the middle sections, where
the elevational gradient and flow velocity decline and
channel meandering increases, creating extensive aquatic
habitat in floodplains with seasonally fluctuating connec-
tivity (Schlosser 1982). Sites that yielded low species rich-
ness and fish abundance might have been influenced by
sampling bias or human impacts, such as fishing or local
watershed impacts, although we found little evidence of
significant fishing or habitat alteration anywhere in the
basin.
Similar to our results, Heino and Gr€onroos (2017)

found that high LCBD values for stream insect assem-
blages were negatively associated with species richness,
suggesting that sites with unique species composition
generally had low species richness. These findings may
limit the use of LCBD values for conservation purposes.
We agree with the Heino and Gr€onroos (2017) view that
LCBD could be maximized in streams by preserving
sites that have not only high species richness but also
ecological uniqueness.

CONCLUSION

Regardless of the spatial scale of analysis (basin or
section level) or type of assemblage data (species pres-
ence/absence or abundance), species sorting appeared to
have the strongest influence on b diversity and species
turnover in the Bita River during the dry season, a find-
ing consistent with those from other studies of fish meta-
communities in rivers and streams (Cottenie et al. 2003,
Heino et al. 2012, Bini et al. 2014, Soininen 2014, Hill
et al. 2017, Roa-Fuentes et al. 2019). In the Bita River,
spatial variables were only weakly associated with b
diversity and its components. Strong spatial patterns of
species turnover associated with environmental vari-
ables, especially factors contributing to habitat struc-
tural complexity, suggest that strategies for biodiversity
conservation in the Bita River Basin should focus on
protecting areas that encompass diverse habitats that
harbor local fish assemblages with divergent composi-
tions. Although not evaluated directly here, we nonethe-
less infer that aquatic habitat connectivity is required to
allow intermediate rates of dispersal that facilitate spe-
cies sorting.
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