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Altitudinal gradients provide a natural framework for evaluating how fish 
communities respond to environmental variation at both local and regional 
scales. In this study, we examined the functional composition of fishes along 
the piedmont-lowland altitudinal gradient in the Meta River basin and its 
association with environmental conditions. We sampled 29 sites in an altitudinal 
gradient and evaluated taxonomic and functional composition. We measured ten 
morphological traits related to movement and food acquisition, in association 
with environmental variables. We found a marked taxonomic and functional 
turnover across two altitudinal thresholds (240–250 and 350–360 m.a.s.l.), 
highlighting the role of environmental filters in shaping fish assemblages. We 
further identified significant associations between body elongation, oral gape 
position, pectoral fin size, and eye vertical position with physicochemical and 
geomorphological gradients. These findings demonstrate that the functional 
structure of fish communities in the Orinoquia is strongly influenced by 
environmental heterogeneity, underscoring the importance of integrating 
functional approaches into conservation strategies in the face of rapid loss and 
transformation of Neotropical aquatic ecosystems.
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Functional turnover of fishes along altitude

Los gradientes altitudinales ofrecen un marco natural para evaluar cómo las 
comunidades de peces responden a la variación ambiental en escalas locales y 
regionales. En este estudio se examinó la composición funcional de peces a lo 
largo del gradiente altitudinal piedemonte-llanura en la cuenca del río Meta y su 
asociación con condiciones ambientales. Se muestrearon 29 sitios en un gradiente 
altitudinal y se evaluó la composición taxonómica y funcional. Medimos diez 
rasgos morfológicos relacionados con movimiento y adquisición de alimento, 
en asociación con variables ambientales. Nosotros encontramos un recambio 
taxonómico y funcional marcado por dos umbrales altitudinales (240–250 y 350–
360 m.s.n.m.), que evidencian el papel de los filtros ambientales en la delimitación 
de ensamblajes ícticos. Además, identificamos asociaciones significativas entre los 
rasgos de alargamiento corporal, posición de la boca, tamaño de la aleta pectoral y 
posición vertical del ojo con gradientes fisicoquímicos y geomorfológicos. Estos 
hallazgos demuestran que la estructura funcional de las comunidades de peces 
en la Orinoquia está fuertemente influenciada por la heterogeneidad ambiental, 
lo que resalta la importancia de integrar enfoques funcionales en estrategias de 
conservación frente a la pérdida y transformación acelerada de los ecosistemas 
acuáticos neotropicales.

Palabras clave: Biogeografía, Diversidad, Ecología de peces, Llanos Orinoco, 
Rasgos funcionales.

INTRODUCTION

Understanding factors that influence species distribution across space is essential for 
improving our ability to predict biodiversity patterns along natural and anthropogenic 
gradients. Spatial and environmental filters have strong influence on fish distributions 
within basins at both local and regional scales. Most studies addressing this topic have 
traditionally adopted a taxonomic perspective, which has allowed to identify changes 
in richness and community composition (van der Sleen, Albert, 2022). Over the last 
two decades, studies have increasingly incorporated the composition and diversity of 
functional traits into a better understanding of the ecological mechanisms underlying 
these patterns (Toussaint et al., 2016; Gomes et al., 2023). These traits, including 
morphological, physiological, reproductive, or behavioral attributes, are directly linked 
to the ecological responses of the organism and their influence in ecosystem processes 
(Winemiller, 1991; Violle et al., 2007). Considering these functional traits has led to 
important advances in our understanding of species-environment relationships along 
both natural and human-modified gradients (Teresa, Casatti, 2017; Villéger et al., 2017; 
Pagotto et al., 2022; Gomes et al., 2023).

The distribution of species within basins results from patterns acting at regional scales, 
related to ecological and historical processes (Carvajal‐Quintero et al., 2015; Cilleros et 
al., 2016; Lamothe et al., 2018; Brejão et al., 2021), and at local scales, where biotic and 
abiotic factors interact to delimit the composition of the species pool (Willis et al., 2005; 
Lujan et al., 2013; Echevarría et al., 2017; Angulo‐Valencia et al., 2022). For instance, 

https://www.ni.bio.br/
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regional scale features like geology, vegetation physiognomy, or river geomorphology 
directly influence local characteristics such as substrate composition, riparian vegetation, 
and the presence of rapids or pools. While at the local scale, biotic and abiotic factors 
such as competition for resources, instream physical structures, nutrient availability and 
limnological variations in the conditions may determine the distribution of specific 
species within a given habitat (Jackson et al., 2001; Romero, Casatti, 2012). These 
characteristics change along river, creating distinct species assemblages from upstream 
to downstream (Lujan et al., 2013; Cilleros et al., 2017).

In this context, altitudinal gradients provide a natural framework for studying 
ecological dynamics, as they integrate patterns that operate simultaneously at different 
spatial scales (Pease et al., 2012; Kirk et al., 2022). Elevational gradients reflect stepwise 
environmental variation that imposes strong environmental filters, because of changes 
induced by multiple ecological factors. This results in increased abiotic stress as species 
approach their tolerance limits at higher elevations, thereby restricting the composition 
of fish assemblages (Jaramillo-Villa et al., 2010; Bailly et al., 2016). These changes may 
reflect ecological thresholds, in which modifications in environmental conditions 
result in taxonomic and functional turnover. Thus, the analysis of changes at regional 
scales, such as those occurring between the Piedmont and the Lowlands, allows the 
identification of differentiated diversity patterns along rivers system.

Alongside altitudinal gradients, the River Continuum Concept (RCC) provides a 
theoretical framework for understanding how aquatic communities vary longitudinally 
along river networks, influenced by environmental changes such as temperature and the 
diversity of food sources (Vannote et al., 1980). However, RCC represents a simplified 
framework originally developed for temperate streams and may not fully capture the 
ecological complexity of tropical river systems, particularly those characterized by 
strong altitudinal gradients. In such systems, environmental factors such as temperature 
and dissolved oxygen concentration strongly influence species diversity (Carvajal‐
Quintero et al., 2015). Alterations in these conditions, often linked with reduced forest 
cover can decrease the biomass of less tolerant fish species, including large piscivores 
and macroinvertebrate feeders (Arantes et al., 2019). Conversely, habitat structural 
complexity influences ecological interactions by expanding niche diversity and species 
density, often reflected in a higher diversity of trophic groups (Willis et al., 2005). 
Therefore, ecological factors associated with altitudinal gradients and longitudinal river 
structure are intertwined and jointly shape regional and local species pools (Cadotte, 
Tucker, 2017).

The western portion of the Orinoco River basin features a network of dendritic river 
systems that connect small to medium sized rivers, originating in the Andes Mountains, 
to piedmont and floodplain ecosystems, reflecting ecological and evolutionary dynamics 
(Abell et al., 2008; Bustamante, 2019). Although taxonomic knowledge has increased 
in different parts of the basin (Urbano-Bonilla et al., 2014, 2018, 2021; Trujillo et al., 
2016; Zamudio et al., 2017; Agudelo-Zamora H et al., 2020; Andrade-López et al., 
2021; Cortés Hernández et al., 2023), trait-based ecological studies in the Orinoco 
are scarce (Echevarría, González, 2017, 2018), evidencing a significant knowledge 
gap. Understanding how fish assemblages change functionally along environmental 
gradients, such as elevation, is critical for identifying ecological thresholds at which 
environmental changes can lead to abrupt shifts in assemblage composition. 

https://www.ni.bio.br/
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Here, we examined the functional composition of fish assemblages along the piedmont-
lowland altitudinal gradient and their association with environmental conditions. This 
study was conducted in several tributaries of the Meta River basin, allowing us to test 
the trait-environment relationships in fish assemblages inhabiting streams and rivers 
from the Andes piedmont to the large rivers in the lowlands. We hypothesized that 
the influence of the environmental gradient would drive changes in the taxonomic 
and functional composition of fish assemblages across ecoregions. We predicted 
that restrictive environmental conditions in high-altitude rivers would simplify the 
taxonomic composition of fish assemblages and select specific functional traits, whereas 
more complex habitats at lower altitudes would favor greater trophic and mobility 
diversity. Understanding functional and taxonomic responses of fish assemblages across 
ecoregional scales may help inform conservation planning, the selection of strategic 
areas to maintain functional diversity and the monitoring of ecosystem integrity, which 
is particularly relevant given the ongoing loss and modification of aquatic ecosystems 
in these regions.

MATERIAL AND METHODS

Sampling sites. We sampled 29 sites in the main tributaries of Meta River in the Casanare 
department, Colombia. The sampled rivers basins included the Casanare, Ariporo, 
Pauto, Cravo Sur, Cusiana, and Upía (Fig. 1). Whenever possible, two collections were 
conducted in piedmont rivers and two in lowlands (Tab. S1). Sampling was carried out 
during the low-water season between February 13 and 26, 2022 (Figs. 2A–D). At each 
site, standardized collections were conducted along a 100 m transect that included both 
river margins and the main channel, using 20 cast net throws, 5 seine net sweeps, and 
5 electrofishing passes, the latter only when conductivity conditions allowed. In the 
field, fish were kept in buckets and anesthetized with eugenol to minimize stress before 
being sacrificed. Specimens were initially fixed in a 10% formalin solution and, after 48 
h, transferred to a 70% ethanol solution. 

In the laboratory, specimens were taxonomically identified using keys from Van der 
Sleen, Albert (2017), Urbano-Bonilla et al. (2018) and specific taxonomic reviews. Fish 
collected was deposited at the ichthyology collection of the Museo de Historia Natural 
of Pontificia Universidad Javeriana, Bogotá (MPUJ), with catalog numbers MPUJ 
16647 to 17167. The collection data was published in SIB Colombia and can be seen at 
https://doi.org/10.15472/kzzasm.

These fluvial systems are of Andean origin, a geomorphological formation that has 
influenced the reorganization of drainage networks and intensified the diversification 
and dispersal of the continent’s exceptional freshwater fish fauna (Cassemiro et al., 
2023). The department of Casanare in Colombia is characterized by a high landscape 
diversity, including mountain between 1,000 to 4,000 m a.s.l. shaped by tectonic activity 
associated with the Eastern Andean Cordillera. In this region, narrow streams with clear 
waters and fast currents predominate. This continues into the piedmont, a transitional 
zone between the mountains and the lowland plains, located between 300 and 1,500 m 
a.s.l., characterized by the transport of large loads of alluvial sediments and the presence 
of wider creeks and rivers with clear waters, rocky and gravel substrates, and swift 

https://www.ni.bio.br/
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currents. Finally, the lowland plains, which include alluvial and aeolian environments, 
are composed of floodplain depressions and fluvial levees formed by large meandering 
rivers, which transport high suspended sediment loads. Depositional here is dominated 
by silt-loam and clay-loam textures (Mora-Fernandez, Rodriguez-Posada, 2017; 
Bustamante, 2019).

Environmental variables. Measured environmental variables included water flow 
velocity and water depth using a Global Water flow meter, as well as conductivity, pH, 
temperature and dissolved oxygen (measured with a YSI ProQuatro multiparameter 
device). These variables were measured at three points along the transect (sample 
station), and their averages were calculated. Altitude was determined by a GPS at the 
middle point of the transect.

To determine river order, we used the Strahler classification method, based on DEM 
(Digital Elevation Model) imagery from the ALOS/PALSAR satellite (2006–2011) via 
ASF (The Alaska Satellite Facility) (NASA, 2022). Data processing was performed using 
the open-source software QGIS (Quantum Geographic Information System) and SAGA 
(System for Automated Geoscientific Analyses). In some cases, in lowland tributaries 
where DEM resolution was limited, river order was manually estimated based on results 
from nearby tributaries.

FIGURE 1 | Location of the sampling sites in the department of Casanare, Colombia. The 29 sampling points are shown in purple circles; 

however, three of them overlap as they represent nearby stations.

https://www.ni.bio.br/
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Functional traits. Using a digital caliper (Mitutoyo model CD-6¨CSX) and 
following the methodology proposed by Toussaint et al. (2016) we measured 10 
functional traits related to movement and food acquisition: body standard length (LS), 
body elongation (BODY_E), eye vertical position (EYE_POS), relative eye size (EYE_
SIZE), oral gape position (ORAL_POS), relative maxillary length (MAX_LEN), body 
lateral shape (BODY_SHAP), pectoral fin vertical position (PEC_FIN_POS), pectoral 
fin size (PEC_FIN_SIZE) and caudal peduncle throttling (CAUDAL_THROT) (Fig. 
S2; Tabs. S3, S4). Measurements were taken for all collected species, ranging from 1 
to 10 individuals per species. To minimize ontogenetic variability, juvenile specimens 
were excluded, and for species with pronounced sexual dimorphism (e.g., Corynopoma 
riisei), only females were measured. For species with ventral mouths, such as those 
from the Loricariidae family, the mouth position trait value was set to 0, while for 
Gymnotiformes species lacking a caudal fin, the trait value was set to 1 (Toussaint et 
al., 2016).

Statistical analysis. To describe the taxonomic composition changes along the 
sampling stations, we performed a non-metric multidimensional scaling (NMDS) 
analysis using a species abundance matrix by sampling site and Bray-Curtis dissimilarity 

FIGURE 2 | Examples of representative Piedemont and Lowland ecosystems. A. Piedemont river (Pauto River, order 7). B. Piedmont Stream 

(Guamo Stream, order 3). C. Lowland River (Ariporo River, order 6). D. LowlandStream (Yaguarapo Stream, order 4).

https://www.ni.bio.br/
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index. This approach allowed a graphical representation of species and sites in a space 
where their positions reflect their degree of similarity. The NMDS results indicated the 
need to apply a specific statistical method to identify threshold points related to changes 
in fish composition. Therefore, we used Threshold Indicator Taxa Analysis (TITAN), 
which allowed us to determine thresholds and indicator species along the evaluated 
altitudinal gradient (711–138 m.a.s.l.) (Baker, King, 2010). TITAN is a statistical 
method that examines and maximizes the association between the predictor variable and 
individual species. It identifies significant indicator species and their response direction, 
that is, whether the change in species distribution and frequency was the same for 
more than 95% of the 1,000 bootstrapped runs (i.e., high purity), whether the gradient 
pressure is positive or negative, and divide the samples into two groups: a low-value 
group (z-) and a high-value group (z+). In this analysis, species that appeared in fewer 
than three sites were excluded to avoid values that represent potential biases (Baker, 
King, 2010; Zhang et al., 2019).

To evaluate changes in functional composition and the trait-environment 
relationship, we conducted RLQ ordination analysis (Dolédec et al., 1996). This 
multivariate technique is based on the joint ordination of three matrices: the R matrix, 
which has sampling sites as rows and the values of environmental variables as columns; 
the L matrix, which contains the sites as rows and the species as columns; and the Q 
matrix, which has the species as rows and the values of functional traits as columns. 
We used relative abundance values as input for the L matrix to minimize the effect of 
differences between abundant and rare species (Ribeiro et al., 2016). The environmental 
variable matrix R and functional trait matrix Q were not logarithmically transformed to 
preserve the inherent morphological differences among species.

Additionally, we tested the statistical significance of the trait-environment 
associations in the RLQ analysis using a Monte Carlo permutation test with simulated 
R and Q matrices (null model 5 proposed by (Dray et al., 2014). Finally, we identified 
environmental variables and functional traits with significant correlations by calculating 
Pearson correlation coefficients (r). This analysis focused on normalized scores from 
the R and Q matrices corresponding to RLQ axes 1 and 2, which best represented the 
variation. The scores of each axis were correlated with the values of each environmental 
variable and functional trait to identify the relationships between environmental 
characteristics and functional traits (Vallet et al., 2010; Ribeiro et al., 2016).

All analyses were carried out in R v. 4.4.1 within the RStudio environment (R 
Foundation for Statistical Computing) using the vegan and Tidyverse packages for 
NMDS and Pearson correlation coefficient analyses; the TITAN2 package for Threshold 
Indicator Taxa Analysis; and ade4 for RLQ.

https://www.ni.bio.br/
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RESULTS

A total of 132 species belonging to five orders and 30 families were collected (Tab. 
S5). The NMDS analysis of site composition showed a stress value of 0.141, indicating 
a good fit and representation of the distances (Fig. 3). The first two axes explained 
79.23% of the variance among sites, with the first axis (NMDS1) explaining 54.91% and 
representing the altitudinal of gradient. The second axis (NMDS2) represented 24.32% 
of the variation in assemblage composition.

The TITAN2 analysis revealed two distinct altitudinal thresholds in community 
composition (Tab. S6). The assemblage of species indicative of lower altitudes (z−) 
showed a pronounced increase below the altitudinal threshold of 240–250 m.a.s.l. (Fig. 
4). In contrast, species associated with higher altitudes (z+), displayed a marked peak 
around 350–360 m.a.s.l. (Fig. 4). Among all taxa analyzed, 16 species were identified 
as significant indicators of specific positions along the altitudinal gradient (purity and 
reliability > 0.905). Of these, 12 species were associated with lower altitudes (Fig. 5), 
while four species were indicators of higher altitudes (Astyanax metae, Hemibrycon metae, 
Parodon apolinari and Knodus deuterodonoides) (Fig. 5).

A total of 95.4% of the variation in the trait-environment relationship was explained 
by the first two RLQ axes. Axis 1 accounted for the largest portion (79.2%), reflecting 
a contrast between sites at higher altitudes (positive RLQ1 scores) and those at lower 
altitudes, with higher stream order, greater depth, higher temperature, and increased 
flow velocity (negative RLQ1 scores) (Tab. 1). Axis 2 (15.7%) captured a gradient 
related to stream order, dissolved oxygen, and pH, indicating variation in both stream 
size and water chemistry (Tab. 1).

FIGURE 3 | Non-metric Multidimensional Scaling (NMDS) analysis with a color gradient reflecting the altitudinal change of the sampled 

sites. The sampling points are represented by the abbreviation “P”, followed by consecutive numbering. Species abbreviations are provided 

in Tab. S2.
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FIGURE 5 | TITAN, distributions of the estimated change points for indicator species. The red ridges represent the intensity (ridge height) and 

variability (narrow or wide ridge) of species with a negative correlation (Z-) to the altitudinal gradient (in meters). The blue ridges represent 

the intensity (ridge height) and variability (narrow or wide) of species with a positive correlation (Z+).

FIGURE 4 | TITAN Z- and Z+ sum values indicate the change points in the altitudinal gradient. Solid 

and dotted red lines indicate the accumulated and frequency of species with negative responses, 

respectively. Discontinuous and dotted blue lines indicate the accumulated and frequency of species 

with positive responses, respectively.

https://www.ni.bio.br/
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TABLE 1 | Pearson correlation coefficients for the relationship between the sites scores on the first 

and second axes of RLQ analysis and the original values of the environmental variables. * Significant 

correlation (p-value < 0.05).

Environmental variables RLQ 1 RLQ 2

Altitude 0.79* 0.17

Conductivity <0.01 -0.41

Dissolved oxygen -0.30 -0.68*

pH -0.35 -0.82*

Flow velocity -0.48* -0.29

Temperature -0.64* 0.04

Stream order -0.72* -0.61*

Depth -0.75* 0.10

The species distribution across the RLQ axes is shown in Fig. 6. Species associated 
with higher-altitude, lower-order, colder and shallower streams (positive RLQ1 scores) 
tended to exhibit lower body elongation, lower body size, and traits such as deeper body 
shape, reduced caudal peduncle throttling, larger eyes, greater maxillary length, a more 
dorsally positioned oral gape and smaller pectoral fins positioned more ventrally (Fig. 7). 
In contrast, species occurring at lower elevations and in high-order, warmer and deeper 
streams (negative RLQ1 scores) tended to exhibit more elongated body (indicated by 
higher body elongation and lateral shape values), larger body size, and traits such as 
increased caudal peduncle throttling, smaller eye, shorter maxillae, a more ventrally 
positioned oral gape, and larger pectoral fins positioned more dorsally. Eye position 
exhibited no clear trend along this axis (Fig. 7). When the TITAN altitudinal thresholds 
overlaid onto RLQ axis 1, clear shifts in functional traits were observed associated with 
species turnover (Fig. 6).

The second axis of RLQ revealed that species occurring in deeper, more alkaline 
and well oxygenated rivers (positive RLQ2 scores) tended to display more elongated 
body (indicated by higher body elongation and lateral shape values), eyes that are both 
larger and inserted higher on the head, longer maxilla, pectoral fins that are larger and 
positioned more dorsally (Fig. 8). Conversely, species inhabiting shallower, more acidic 
and less oxygenated streams (negative RLQ2 scores) tended to exhibit deeper bodies, 
smaller and lower set eyes, shorter maxillae, and smaller pectoral fins inserted lower 
on the flank (Fig. 8). Body size, oral gape position, and caudal peduncle throttling 
exhibited no clear trend along this axis.

https://www.ni.bio.br/
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FIGURE 6 | First (left) and second (right) RLQ axes showing the mean position of each species (dark circles) along the environmental gradients. 

Horizontal bars indicate standard deviations, and vertical bars along the horizontal axis indicate the position of sites along the gradient. 

RLQ axis 1 represents the altitudinal-order gradient, associated with depth, temperature, and flow velocity. RLQ axis 2 represents species 

associated with stream order, pH, and dissolved oxygen. Species abbreviations are provided in Tab. S5.

https://www.ni.bio.br/
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FIGURE 7 | Relationships between species coordinates along RLQ axis 1 and their functional trait values. Each panel shows the correlation 

between a morphological trait and the species position along the first RLQ axis. Points represent individual species, and black lines indicate 

linear trend. Vertical dashed lines indicate the RLQ axis 1 positions corresponding to the altitudinal thresholds at which assemblage 

composition changed, as identified by the TITAN analysis.

https://www.ni.bio.br/
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FIGURE 8 | Relationships between species coordinates along RLQ axis 2 and their functional trait values. Each panel shows the correlation 

between a morphological trait and the species’ position along the first RLQ axis. Points represent individual species, and black lines indicate 

linear trend.

https://www.ni.bio.br/
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DISCUSSION

We found a taxonomic and functional shift in the ichthyofauna in response to an 
environmental gradient primarily defined by altitude, river order, depth, pH, and 
dissolved oxygen. The NMDS analysis revealed a clear clustering of sites and species 
along the piedmont-floodplain gradient, suggesting a consistent pattern of taxonomic 
turnover strongly associated with elevation. This pattern is consistent with findings 
reported for other Neotropical basins ( Jaramillo-Villa et al., 2010; Carvajal‐Quintero 
et al., 2015; Cilleros et al., 2016) and at a global scale (Toussaint et al., 2016; van der 
Sleen, Albert, 2022). However, the TITAN analysis, which allows the detection of 
species-specific responses along the gradient, revealed that most of the ichthyofaunal 
turnover in the Meta River basin is concentrated within two altitudinal thresholds 
(240–250 m.a.s.l. and 350–360 m.a.s.l.), suggesting regional-scale transition zones 
and the action of strong environmental filters shaping the ecological dynamics of 
these systems. In addition to altitude, the longitudinal gradient represented by river 
order-showed significant functional responses of fish assemblages to chemical factors 
(temperature, pH, and dissolved oxygen) and physical factors (channel depth and flow 
velocity), reinforcing the role of these gradients as drivers of functional turnover along 
the fluvial system.

Additionally, the altitudinal thresholds identified by TITAN2 revealed a pattern of 
fragmented taxonomic turnover along a relatively broad gradient (240–360 m.a.s.l.), 
with indicator species associated with both high and low elevations. These results 
expand our understanding of the transition zone between piedmont and floodplain 
ecosystems, contrasting with previous studies that proposed more abrupt boundaries, 
such as the 300 m.a.s.l. limit suggested by (Toussaint et al., 2016; Usma, Trujillo et 
al., 2011; van der Sleen, Albert, 2022), the 200 m threshold propose by (Zamudio et 
al., 2017) or the classification ecoregions (Orinoco llanos and Orinoco piedmont) 
propose by Abell et al. (2008) However, the observed pattern does not necessarily 
imply a gradual transition; on the contrary, it suggests the action of environmental 
filters operating within this altitudinal range, promoting a functional and taxonomic 
reorganization of fish assemblages. Biotic or abiotic factors filter the functional space as 
species approach their tolerance limits (Lujan et al., 2013; Cunha et al., 2019; Poveda‐
Cuellar et al., 2022), favoring a subset of functional strategies and reducing the observed 
assemblage composition (from 13 indicator species at lower elevations to only four 
at higher elevations). The identification of critical thresholds between piedmont 
and floodplain ecosystems allows recognizing them as distinct ecological units, with 
assemblages that, although interconnected, respond in particular ways to environmental 
conditions. This approach is essential for guiding conservation strategies that account 
for the vulnerability of fish communities to abrupt anthropogenic changes.

Complementing these taxonomic results, the RLQ analysis revealed that, among the 
functional traits measured, differences in body elongation, body size, mouth position 
and eye position were significantly associated with environmental variation in altitude, 
river order, and depth. Body elongation and body size showed a negative relationship 
with elevation, consistent with expectations that larger body sizes are more common 
at lower elevations. This trait, defined as the ratio between body length and height, 
has been proposed as a predictor of trophic position, predator-prey dynamics, and is 
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inversely related to water velocity, indicating fishes that occupy high-flow habitats 
characteristic of mountainous regions (Winemiller, 1991; Zamudio et al., 2016; 
Villéger et al., 2017). On the other hand, mouth position a functional trait linked to 
feeding strategies and vertical habitat use showed a positive association with altitude. 
This pattern suggests a higher proportion of species with superior mouths in headwater 
and piedmont sections, consistent with the River Continuum Concept, which predicts 
a greater reliance on allochthonous inputs in upstream reaches (Vannote et al., 1980). 
As the altitude decreases, there is an increase in subterminal, terminal, and benthic 
mouths associated with feeding strategies targeting midwater or bottom resources. 
This pattern is also consistent with RCC expectations, which propose a longitudinal 
transition from allochthonous to autochthonous and benthic energy sources in 
downstream river sections.

These ecomorphological patterns provide functional evidence that the physical 
gradients proposed by Vannote et al. (1980) in the RCC are associated with trophic and 
functional reorganization of fish communities along the fluvial continuum. Although 
functional thresholds were not explicitly tested, the coincidence between taxonomic 
turnover identified by TITAN and marked shifts in functional trait distributions along 
RLQ axis 1 supports the interpretation of a coupled taxonomic-functional shifts, 
resulting from the gradual replacement of environmental conditions, energy sources, 
and ecological processes from headwaters to large rivers. In upstream reaches, scraper 
or benthic species with inferior or subterminal mouths (e.g., Chaetostoma spp., Parodon 
apolinari) are adapted to feeding on periphyton or benthic invertebrates, whereas in 
intermediate sections, omnivorous and invertivorous species with subterminal or 
terminal mouths (e.g., Hemibrycon metae or Astyanax metae) exploit resources from 
both the bottom and the water column. In the lowland large rivers, characterized by 
slow currents and greater depth, filter-feeding, detritivorous and piscivorous species 
with terminal or subterminal mouths and compressed bodies (e.g., Prochilodus mariae, 
Pimelodus spp., Hypostomus spp.) dominate, reflecting the functional reorganization 
expected along the fluvial gradient.

RLQ axis 2 reflected a trait-environment relationship associated with the 
environmental contrast between headwater streams and large rivers. Environmental 
gradients of habitat size, pH, and dissolved oxygen significantly influenced body 
elongation, pectoral fin size, and eye position and size. The latter being a trait related 
to visual capacity for locating and capturing prey or avoiding predators (Pease et al., 
2012; Zamudio et al., 2016). This correlation suggests that, in higher order rivers with 
higher pH and well-oxygenated waters, conditions associated with large rivers of the 
Orinoco lowlands, there is an increase in elongated species with dorsally positioned eyes, 
commonly found in families of non-armored catfishes (e.g., Aspredinidae, Heptapteridae, 
or Pimelodidae) and more frequently in benthic species of the Loricariidae family (e.g., 
Sturisoma tenuirostre, Lasiancistrus tentaculatus, or Limatulichthys griseus). These species 
contrast with other endemic loricariids from the piedmont, which exhibit lower body 
elongation and relatively smaller eyes (e.g., Chaetostoma spp.).

Another key trait was pectoral fin size (significantly correlated with both RLQ1 and 
RLQ2), which is related to critical locomotor abilities such as braking, acceleration, and 
generating undulatory movements to maintain position (Willis et al., 2005; Villeger 
et al., 2017). This trait distinguished species with small and rounded fins (low RLQ1 
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scores), associated with greater adherence capacity or camouflage beneath rocky 
substrates common in the piedmont, from those with larger and more elongated fins 
(high RLQ2 scores), which enhance fine-scale maneuverability in rivers and streams at 
lower elevations, where channels tend to be deeper and environments more structurally 
complex. This functional trait turnover suggests a differentiation among benthic species, 
primarily belonging to the order Siluriformes. In mountainous areas, the reduction in 
habitat structural complexity, along with shallower rivers and increased hydrological 
dynamism, may act as a filter that restricts certain functional traits within this specific 
group of species, distinguishing different behaviors, metabolic rates, growth strategies, 
and reproductive modes (Cilleros et al., 2017; Carvalho, Tejerina-Garro, 2018; Poveda‐
Cuellar et al., 2022). 

Overall, our results show that limnological variations in depth, temperature, pH, and 
dissolved oxygen in the Meta River basin influenced both taxonomic and functional 
turnover along increasing altitudinal and longitudinal gradients, enhancing our ability 
to predict ecological responses of fish assemblages to environmental change. These 
functional responses complement traditional taxonomic approaches (van der Sleen, 
Albert, 2022), although it is important to recognize that morphological traits, while 
reflecting a key component of ecological performance, represent only one dimension 
of functional diversity (Pease et al., 2012). In this regard, approaches that integrate 
physiological, life-history, reproductive, or anti-predator traits, along with metrics of 
functional richness, dispersion, or originality (Vitule et al., 2017), could deepen our 
understanding of ecosystem processes and environmental services associated with 
piedmont and lowland ecoregions. In the current context of accelerated deforestation, 
habitat degradation, and loss of fluvial connectivity (Clerici et al., 2020; Correa Ayram 
et al., 2020; Albert et al., 2021), it is essential to incorporate functional diversity into 
conservation strategies, as habitat homogenization, river disconnection, and species 
introductions disrupt key ecological processes and disproportionately affect particularly 
vulnerable functional groups that support the structure and maintenance of aquatic 
ecosystems (Leitão et al., 2016; Arantes et al., 2019; Brejão et al., 2021; Angulo‐Valencia 
et al., 2022; Basile, 2022; Pagotto et al., 2022).
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