
1/23

Original articleNeotropical Ichthyology

Neotropical Ichthyology, 24(2):e250196, 2026 

Functional diversity of fish communities 
in the Amacuzac River, Morelos, Mexico 
 

Gabriel Cordero-Martínez1, 
 

Norman Mercado-Silva2,  
 

Ilse J. Ortega-Martínez3, 
 

Sandra García de Jesús4 and  
 

Juan Suárez-Sánchez1

Functional diversity is a component of biodiversity that allows analysis of the 
ecological functions of species in ecosystems. The objective of this research is 
to provide a perspective on the functional diversity of the ichthyofauna in the 
Amacuzac River, and the relationship of functional diversity between native and 
non-native species. We describe and analyze patterns of functional diversity 
for the fish community of the Amacuzac River (Balsas basin, Mexico) based on 
information for 17 fish species captured. Nineteen functional traits related to 
feeding, position in the water column, habitat, swimming capacity, filtering 
capacity and energy demand of each species in the ecosystem were characterized. 
Functional groups were formed based on the similarity of their functional 
traits, and functional groups were contrasted among sites. The site located at 
the downstream end of our study section had the highest functional diversity. 
Differences were observed in the functional diversity of native and non-native 
species. Eight functional groups were formed, of which four functional groups 
were made up of only one species, with functional group 5 having the highest 
number of species (5 species).
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Functional diversity of fish communities

La diversidad funcional es un componente de la biodiversidad que permite 
analizar las funciones ecológicas de las especies en los ecosistemas. El objetivo de 
esta investigación es proporcionar una perspectiva sobre la diversidad funcional 
de la ictiofauna en el Río Amacuzac, y la relación entre la diversidad funcional de 
especies nativas y no nativas. Describimos y analizamos los patrones de diversidad 
funcional de la comunidad de peces del Río Amacuzac (Cuenca del Balsas, México) 
con base en información de 17 especies de peces capturadas. Se caracterizaron 19 
caracteres funcionales relacionados con la alimentación, posición en la columna 
de agua, hábitat, capacidad natatoria, capacidad de filtrado y demanda energética 
de cada especie en el ecosistema. Se formaron grupos funcionales con base en 
la similitud de sus rasgos funcionales, contrastando los grupos funcionales entre 
sitios. El sitio ubicado más aguas abajo de nuestra sección de estudio presentó la 
mayor diversidad funcional. Se observaron diferencias en la diversidad funcional 
de las especies nativas y no nativas. Se formaron ocho grupos funcionales, de los 
cuales, cuatro grupos funcionales se conformaron únicamente por una especie, 
siendo el grupo funcional 5 el que presentó mayor número de especies (5 especies).

Palabras clave: Funciones ecológicas, Grupos funcionales, Ictiofauna, Rasgos 
funcionales, Servicios ecosistémicos.

INTRODUCTION

The Amacuzac River is located in the upper Balsas River basin, in southern Mexico. It 
is the most important river in the state of Morelos. The Amacuzac basin is affected by 
various anthropogenic effects, including pollution, physical modification and species 
introductions (Trujillo-Jiménez et al., 2009; Mejía-Mojica et al., 2015; Contreras-
MacBeath et al., 2020; Mercado-Silva et al., 2020; Cordero-Martínez et al., 2022). 
Native fishes are strongly affected by these disturbances and several species have suffered 
population declines or local extirpations of rare species (Mejía-Mojica et al., 2015; 
Mercado-Silva et al., 2020; Cordero-Martínez et al., 2022) while degradation-resistant 
fishes are associated with streams with higher human disturbance (Larentis et al., 2022). 

Anthropogenic alterations directly modify the structure and composition of fish 
communities, thus generating changes in their ecological function and diversity. 
Functional diversity, the component of biodiversity that allows the analysis of ecological 
functions of species in ecosystems, is evaluated via metrics that allow a multidimensional 
vision of the ecological role that species play in natural areas or areas with some degree 
of disturbance (Karr, Rossano, 2001; Rosenfeld, 2002; Troitiño et al., 2007; Benejam et 
al., 2009; Flynn et al., 2009; Laliberté et al., 2010; Córdova-Tapia, Zambrano, 2015). 
The study of functional diversity is complementary to the analysis of diversity and can 
be useful to achieve a better understanding of the relationship between species and the 
functioning of ecosystems (Rosenfeld, 2002; Violle et al., 2007; Villéger et al., 2008; 
Gómez-Ortiz, Moreno, 2017; Mercado-Silva et al., 2024).

In the context of functional diversity, an ecosystem may host several species with 
additive or redundant functions. In the first case, a species has a unique functional role 
in the ecosystem; while in the second, several species perform the same ecological 
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function. Species richness may be directly related to functional richness; in this case, 
taxonomically different species may perform similar ecological functions (Naeem, 
2002; Rosenfeld, 2002; Petchey, Gaston, 2006; Farias, Jaksic, 2011). Ecosystems with 
a greater number of redundant species could present greater tolerance to biotic and 
abiotic alterations (Rice et al., 2013).

Characterizing functional diversity requires the quantification of functional traits. 
These are defined as biological characteristics (physiological, anatomical or behavioral) 
measurable at the individual or species level, which directly or indirectly influence their 
growth, reproduction and survival, as well as the relationship of organisms with the 
structure and functioning of ecosystems (Cornelissen et al., 2003; Hooper et al., 2005; 
McGill et al., 2006; Villéger et al., 2010; Weiher et al., 2011; Sgarlatta, 2015; Gómez-
Ortiz, Moreno, 2017). One of the main challenges for the study of functional diversity is 
the precise determination of the functional traits that describe the function of organisms 
in the ecosystem (Bellwood et al., 2002; Cornelissen et al., 2003). The most suitable 
traits are those that offer a balance between their functional relevance and their ease of 
measurement (Dumay et al., 2004; Mouillot et al., 2007). In the case of fish, functional 
traits related to food acquisition and locomotion are key to understanding their role in 
the ecosystem (Villéger et al., 2010; Córdova-Tapia, Zambrano, 2015).

The ichthyofauna of the Amacuzac River has been widely explored (Trujillo-
Jiménez, Castro-Lara, 2008; Trujillo-Jiménez et al., 2009; Mejía-Mojica et al., 2012, 
2013, 2015; Cordero-Martínez et al., 2022; Ramírez-Santillán, 2022). The system 
currently hosts a native ichthyofauna of nine species, to which at least 16 non-native 
species have been added (Mercado-Silva et al., 2020; Cordero-Martínez et al., 2022). 
The expansion of invasive species due to the increase in aquaculture activity in the state 
is one of the strongest impacts on the native ichthyofauna in the region (Mejía-Mojica 
et al., 2015; Trujillo Jiménez et al., 2009; Contreras-MacBeath et al., 2020; Mercado-
Silva et al., 2020; Cordero-Martínez et al., 2022). However, relatively little research has 
been done on the functional diversity of a system that, like the Amacuzac River, has 
many non-native species in its communities (Ramírez-Santillán, 2022). Understanding 
functional diversity in the sub-basin and its use in other freshwater systems can be of 
great importance for the development of biological conservation strategies. Native fish 
communities in the Amacuzac River, despite being taxonomically impoverished and 
subject to strong anthropogenic pressures, maintain a more diverse and complex set 
of functional traits than non-native species, since the species that persist are those that, 
together, cover a wide range of functions (Mejía-Mojica et al., 2015; Trujillo Jiménez 
et al., 2009; Contreras-MacBeath et al., 2020; Mercado-Silva et al., 2020; Cordero-
Martínez et al., 2022). This suggests that native species differ functionally from non-
native species, which is manifested in significantly higher values in functional diversity 
indices, representing a historical functional composition prior to these changes, with 
greater niche complementarity, where native species use resources efficiently and occupy 
different ecological roles, while the set of non-native species preferentially harbors 
tolerant generalist species with overlapping and redundant functional traits, because 
they share similar traits associated with tolerance to degradation (e.g., omnivorous 
diet, tolerance to low oxygen levels, high fecundity) (Villéger et al., 2010; Córdova-
Tapia, Zambrano, 2015). However, high functional diversity of native species does 
not necessarily imply that the ecosystem is healthy, but rather represents critical and 
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threatened functional capital, since losing one of these native species could mean the loss 
of unique and irreplaceable ecological functions (Villéger et al., 2010; Córdova-Tapia, 
Zambrano, 2015). Our objective is to generate baseline information on the functional 
role of the species that comprise the fish communities in the Amacuzac River, and to 
characterize patterns of functional diversity along the river system.

MATERIAL AND METHODS

Sampling sites. The Amacuzac River originates in the foothills of the Nevado de Toluca 
Volcano, in the State of Mexico, where it is called the Chontalcoatlán River. This river 
flows into the Almoloya, Malinaltenango and the San Gerónimo rivers before it starts 
flowing underground in the limestone area of ​​the Sierra de Cacahuamilpa. These waters 
emerge downstream on the border between the states of Guerrero and Morelos, at the 
site called Dos Bocas. From that point on, it is named the Amacuzac River, and it runs 
for 104 km until it joins the Mezcala River (Ocampo-Molina et al., 2019; Cordero-
Martínez et al., 2022) (Fig. 1). 

Along its course, the Amacuzac River receives contributions from the Chalma, 
Tembembe, Apatlaco, Tetlama, Yautepec and Cuautla rivers, many of which drain 
urban and agricultural areas in the north of the state of Morelos. The study area presents 
significant modifications to the vegetation cover, due to agriculture (main crops are 
sugar cane, rice, vegetables and flowers) and livestock farming (Contreras-MacBeath et 
al., 2006; Vargas et al., 2006; Eufracio-Torres et al., 2016). However, along its course 
the river crosses various canyons where native riparian vegetation still dominates, 
and areas of ecological importance, such as the Man and the Biosphere Program 
(MAB-UNESCO) Sierra de Huautla Biosphere Reserve (REBIOSH). Various human 
settlements and farming areas present on the banks of the Amacuzac pour their untreated 
wastewater directly into the river (Contreras-MacBeath et al., 2006; Vargas et al., 2006; 
Eufracio-Torres et al., 2016). 

The climate in the Amacuzac River region is warm subhumid (Awo(w)(i)g), with 
rains from June to October and a dry season from November to May. Average annual 
rainfall is 979 mm with an average annual temperature of 24°C (Trujillo-Jiménez et al., 
2009; Eufracio-Torres et al., 2016). Natural vegetation in the basin comprises fragments 
of tropical dry forest and semi-deciduous forest (Aguilar, 1999; Trujillo-Jiménez et al., 
2009; Eufracio-Torres et al., 2016).

We sampled 10 sites located along a 75 km river stretch (between 18°39’16.69”N and 
99°27’51.14”W to 18°28’51.80”N and 99°09’58.52”W, at altitudes between 962 to 766 
m above sea level (Fig. 1). Sites 1, 3, and 5 are characterized by a high presence of forest 
and a low presence of urban areas. Sites 2, 4, and 7 exhibit a high presence of stones in 
the streambed and are located within urban areas. Sites 6, 8, and 9, on the other hand, 
show a high presence of gravel and rocks in the streambed, a high presence of grasses 
in the riparian zone, and a high number of urban areas. Site 10, meanwhile, exhibited 
a low current velocity, a narrower channel width, and a low proportion of forest and 
urban area; for more details, see Cordero-Martínez et al. (2022). Each sampling site 
was visited five times every two months between 2019 and 2020, during both wet and 
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dry seasons. In each sampling event, a segment of between 100 and 200 linear m (at 
a maximum depth of 1.6 m) of river was sampled for fishes. When depth conditions 
permitted, sampling was carried out in a zigzag pattern along the segment, covering 
both banks of the river and the central area of ​​the channel, trying to cover all possible 
habitats. During the rainy season, when flow conditions prevented the full width of 
the river from being safely covered, sampling was concentrated on the banks and other 
accessible areas.

Data collection. Three methods were used to sample the fish community at each 
sampling event: seining, cast netting, and electrofishing. Seine runs were carried out 
with three- and six-meter seine nets; both seines had a mesh size of 0.5 cm and a depth 
of 1.5 m. The cast net had a mesh size of 1 cm and an opening diameter of 2.5 m. 
We used a backpack electrofisher (ETS-Electrofishing Co, Model ABP-3) with two 
hand-held nets to capture fish. We attempted to cover all available habitat types at a 
sampling site and to maximize the richness of species captured. Organisms collected 
were identified to species level (following Meek, 1904; Álvarez, 1970; Armbruster, 
Page, 2006; Chávez et al., 2006; Schmitter-Soto, 2007) and counted. A total of 7,638 
individuals of 18 species were captured, considering all sampling sites and events. 

FIGURE 1 | Location of sampling sites of fish communities along the Amacuzac River, Morelos, Mexico.
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For each collection site and event, once the specimens were separated by species (in 
aerated buckets) total species-specific biomass was obtained (Bm) using spring scales 
(Pesola ®). Subsequently, a subsample of at least five individuals of each species was 
selected. These organisms were selected to maximize the representation of the body size 
structure for each species. These specimens were used to characterize their functional 
traits (Winemiller, 1991; Sibbing, Nagelkerke, 2001; Karpouzi, Stergiou, 2003; Dumay 
et al., 2004; Pilger et al., 2010; Villéger et al., 2010; Córdova-Tapia et al., 2017). The 
reference specimens are housed in the fish collection of the Centro de Investigaciones 
Biológicas de la Universidad Autónoma del Estado de Morelos, Mexico (CICIB-
UAEM) (Tab. S1). The rest of the individuals were released back into the wild. For 
Ictalurus balsanus (I. bal) and Ictalurus punctatus (I. punc), the sample was less than five 
individuals per species due to the difficulty of obtaining specimens in the field. These 
species were considered in the analyses despite their low abundance, because the sizes 
collected allowed to represent mature stages of the species. Individuals of Copadichromis 
borleyi were not considered for the functional diversity analyses, because the collected 
organisms were in early stages of their development and because few individuals were 
collected (n = 2). Thus, functional diversity analyses considered 17 species.

Organisms selected from the different sampling events were fixed in 5% formalin 
and eventually preserved in 90% alcohol. For each species, 19 functional traits were 
characterized (Tab. 1), considering the following number of individuals per species: 
Amatitlania nigrofasciata (A. nig; n = 38), Amphilophus istlanus (A. ist; n = 30), Andinoacara 
rivulatus (A. riv; n = 15), Astyanax aeneus (A. aen; n = 23), Atherinella balsana (A. bal; n = 
10), Ictalurus balsanus (I. bal; n = 4), Ictalurus punctatus (I. pun; n = 2), Ilyodon whitei (I. whi; 
n = 10), Graodus boucardi (N. bou; n = 36), Oreochromis sp. (O. sp; n = 9), Poecilia maylandi 
(P. may; n = 53), Poeciliopsis gracilis (P. gra; n = 47), Pseudoxiphophorus bimaculatus (P. 
bim; n = 32), Pterygoplichthys disjunctivus (P . dis; n = 5), Pterygoplichthys pardalis (P. par, 
n = 5), Thorichthys maculipinnis (T. mac, n = 28;), Xiphophorus hellerii (X. hel; n = 10).

Functional traits focused on each species type of feeding, position in the water 
column, habitat, swimming capacity, filtering capacity and energy demand (Tab. 1). 
Various body measurements and qualitative descriptions of morphological characters 
were obtained from each specimen. Total length, head length, horizontal mouth 
opening, vertical mouth opening, branchial arch, eye diameter, interorbital distance, 
body length, body width, body height, caudal peduncle length, and caudal peduncle 
height were measured with a digital vernier caliper (mm); these morphological 
measurements were obtained directly from each individual (Tab. 1). Mouth position 
(superior, terminal, subterminal, inferior), body shape (elongated, tall, flattened) and 
caudal fin shape (truncated, rounded, convex, truncated/rounded, emarginate, lunate, 
concave, notched) were recorded for each species (Tab. 1). Feeding group (detritivore, 
herbivore, carnivore, omnivore, invertivore), reproduction strategy (simple oviparous, 
complex oviparous, viviparous) and position in the water column (benthic, midwater, 
surface) were obtained using published information for each species (Tab. 1). 

Statistical analyses. Functional traits used in functional diversity analyses were 
chosen based on published criteria for those that best represent the relationship between 
form and function (Winemiller, 1991; Dumay et al., 2004; Mason et al., 2007; Pilger 
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TABLE 1 | Description of functional traits used for fishes of the Amacuzac basin and the functional attributes to which they are related. An 

asterisk indicates that the trait was selected for functional diversity analyses (see Material and Methods).

Functional trait (units) Functional meaning Author

Total length (mm)* Habitat-locomotion Mouillot et al. (2007); Salgado-Negret, Paz (2015)

Head length (mm) Feeding
Pouilly et al. (2003); Cheal et al. (2012); Soares et al. (2013); Salgado-Negret, Paz 

(2015); Cadena-Mantilla (2020)

Mouth width (mm)* Feeding
Sibbing, Nagelkerke (2001); Lefcheck et al. (2014); Payan-Alcacio (2015); Córdova-

Tapia, Zambrano (2016);

Mouth height (mm)* Feeding
Willis et al. (2005); Soares et al. (2013); Payan-Alcacio (2015); Córdova-Tapia, 

Zambrano (2016)

Branchial arch (mm)* Filtering capacity Córdova-Tapia, Zambrano (2016)

Eye diameter (mm)* Habitat-feeding

Boyle, Horn (2006); Lisney, Collin (2007); Pineda (2009); Villéger et al. (2010); 

Elleouet et al. (2014); Lefcheck et al. (2014); Payan-Alcacio (2015); Córdova-Tapia, 

Zambrano (2016); Cadena-Mantilla (2020)

Interorbital distance (mm) Habitat-feeding
Pouilly et al. (2003); Soares et al. (2013); Elleouet et al. (2014); Lefcheck et al. (2014); 

Payan-Alcacio (2015)

Body length (mm) Habitat-locomotion Salgado-Negret, Paz (2015)

Body width (mm)* Locomotion Córdova-Tapia, Zambrano (2016)

Body height (HC) (mm)* Locomotion
Reech et al. (2013); Elleouet et al. (2014); Payan-Alcacio (2015); Córdova-Tapia, 

Zambrano (2016).

Caudal peduncle length (mm)* Locomotion Payan-Alcacio (2015); Córdova-Tapia, Zambrano (2016); Cadena-Mantilla (2020)

Caudal peduncle height (mm)* Locomotion Payan-Alcacio (2015); Córdova-Tapia, Zambrano (2016); Cadena-Mantilla (2020)

Mouth position* Habitat-feeding

Mejía, Garzón-Ferreira (2000); Dumay et al. (2004); Barton (2006); Villéger et al. 

(2010); Palacios-Salgado (2011); Elleouet et al. (2014); Lefcheck et al. (2014); Payan-

Alcacio (2015); Herrera-Valdivia et al. (2016); Cadena-Mantilla (2020)

Body shape Locomotion, habitat, feeding

Mejía, Garzón-Ferreira (2000); Karpouzi, Stergiou (2003); Blake (2004); Villéger et 

al. (2010); Palacios-Salgado (2011); Pease et al. (2012); Córdova-Tapia, Zambrano 

(2016); Herrera-Valdivia et al. (2016); Cadena-Mantilla (2020)

Caudal fin shape* Locomotion

Blake (2004); Fish, Lauder (2006); Fulton (2007); Lauder, Madden (2007); Villéger et 

al. (2010); Pease et al. (2012); Soares et al. (2013); Elleouet et al. (2014); Lefcheck et 

al. (2014); Payan-Alcacio (2015); Cadena-Mantilla (2020)

Feeding* Feeding guild
Mejía, Garzón-Ferreira (2000); Hood et al. (2005); Winemiller (2005); Palacios-

Salgado (2011); Herrera-Valdivia et al. (2016); Cadena-Mantilla (2020)

Reproduction* Reproductive guild
Winemiller, Rose (1992); Winemiller (2005); Palacios-Salgado (2011); Herrera-

Valdivia et al. (2016); Cadena-Mantilla (2020); Achong-Ramos (2021)

Position in the water column* Locomotion, habitat, feeding
Palacios-Salgado (2011); Herrera-Valdivia et al. (2016); Salgado-Negret, Paz (2015); 

Cadena-Mantilla (2020)

Biomass (gr) Energy demand Mouillot et al. (2007); Gómez-Ortiz, Moreno (2017)

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


Neotropical Ichthyology, 24(2):e250196, 2026 8/23 ni.bio.br | scielo.br/ni

Functional diversity of fish communities

et al., 2010; Villéger et al., 2010; Gómez-Ortiz, Moreno, 2017). Following a selection 
process using a correlation matrix to determine traits correlated to one another 
(Martínez-Ortega et al., 2009), 14 functional traits were included in subsequent analyses 
(Tab. 1). In order to obtain comparable metrics between the data obtained from each 
functional trait, the values ​​of each of these were standardized to z values ​​(García de Jesús 
et al., 2016; Cordero-Martínez et al., 2022) for the functional diversity analyses.

Functional diversity analyses. To obtain functional diversity indices for native 
and non-native species, we used two data matrices: (i) a community matrix containing 
abundance values, and (ii) a trait matrix that included both continuous and categorical 
traits. We selected Gower’s dissimilarity index (Gower, 1971) to obtain a matrix of 
functional dissimilarity between species, as it is a robust and appropriate measure for 
simultaneously standardizing and integrating quantitative and categorical traits in the 
same matrix, ensuring the comparability of the analysis (Pavoine et al., 2009; De Bello 
et al., 2021).

To address potential multicollinearity among traits and reduce dimensionality, 
a Principal Coordinates Analysis (PCoA) was performed on the Gower dissimilarity 
matrix. Resulting PCoA axes were then used as standardized functional traits for 
subsequent calculations of functional diversity indices. Using the matrix and the 
functional distance matrix, we computed several complementary indices (Villéger et 
al., 2008; Mammola et al., 2021): Functional evenness (FEve), which measures the 
regularity of species abundance within the functional space; functional dispersion 
(FDis), calculated as the abundance-weighted mean distance of species to the functional 
centroid (Laliberté, Legendre, 2010); and Rao’s quadratic entropy (RaoQ), representing 
the mean functional dissimilarity between two randomly selected individuals within a 
community (Botta-Dukát, 2005).

Normality (Shapiro-Wilk test) of FEve, FDis, and RaoQ values were assessed prior to 
hypothesis testing. Because FEve values significantly deviated from normality, differences 
between native and introduced species were evaluated using a non-parametric Mann-
Whitney U test. In contrast, FDis and RaoQ values did not show strong deviations 
from normality; therefore, difference between groups were assessed using independent-
samples t-test. All analyses compared native versus introduced species, and statistical 
significance was evaluated using p-values.

Identification of functional groups. Functional groups (FG) (a set of species 
that share similar characteristics and play similar roles within an ecosystem) present 
in the Amacuzac River were identified using a cluster analysis implementing Ward’s 
minimum variance (Chávez-Esponda et al., 2010). To explore the variability in the 
presence and abundance of the FG between sampling sites, a cluster and similarity 
analysis was implemented using the Morisita-Horn index (Moreno, 2001). In this 
analysis, the number of FG and the abundance of the FG at each site were considered 
(adding data from all collection events). Similarity analyses were carried out in PAST v. 
4.06 (Hammer, Harper, 2006).

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


Neotropical Ichthyology, 24(2):e250196, 2026 9/23ni.bio.br | scielo.br/ni

Gabriel Cordero-Martínez, Norman Mercado-Silva, Ilse J. Ortega-Martínez, Sandra G. Jesús and Juan Suárez-Sánchez

RESULTS

Functional diversity indices. The highest value ​​of FEve for native species was found 
in site one (0.919) and the lowest was in site nine (0.352); in the case of the non-native 
species, the highest value was for site two (0.648) and the lowest was for site six (0.409). 
For FDis of the native species, the highest value was for site ten (0.333) and site eight 
had the lowest value (0.193); the highest value for the non-native species was in site 
eight (0.237) and the lowest value was for site one (0.064). The highest values of RaoQ 
for the native species was in site ten (0.119) and the lowest values in site eight (0.535) 
(Tab. 2).

FEve values differed significantly between native and non-native species (Mann-
Whitney U = 16.000; P = 0.011). For FDis, the independent samples t-test indicated 
significant differences between groups (t = 3.422 with 18 degrees of freedom; P = 0.003) 
as did RaoQ values (t = 4.402 with 18 degrees of freedom; P = <0.001) (Fig. 2).

TABLE 2 | Functional diversity indices for native and non-native species in the Amacuzac River, Mexico. 

FEve = Functional evenness, FDis = Functional dispersion; RaoQ = Rao’s quadratic entropy.

FIGURE 2 | Functional diversity for native and non-native species assemblages: (A) FEve (Evenness of 

abundance), (B) FDis (Mean distance to the centroid of the functional space), and (C) RaoQ (Quadratic 

entropic diversity). The middle line of the box plot (above) represents the median. The upper side of the 

box represents the third quartile (75%) and the lower side of the box represents the first quartile (25%). For 

the bar charts, the height of the bar represents the mean, and error bars symbolize standard error (SE).

Native species Non-native species

FEve FDis RaoQ FEve FDis RaoQ

Site 1 0.919 0.258 0.069 0.642 0.065 0.016

Site 2 0.784 0.209 0.056 0.648 0.198 0.048

Site 3 0.867 0.285 0.082 0.447 0.213 0.051

Site 4 0.777 0.264 0.075 0.647 0.142 0.032

Site 5 0.885 0.288 0.084 0.473 0.236 0.059

Site 6 0.816 0.296 0.094 0.411 0.221 0.052

Site 7 0.791 0.258 0.076 0.483 0.221 0.053

Site 8 0.541 0.193 0.053 0.566 0.238 0.057

Site 9 0.352 0.259 0.073 0.566 0.221 0.054

Site 10 0.841 0.334 0.119 0.598 0.146 0.037
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Functional groups. Ward’s minimum variance cluster analysis formed eight FG 
(Fig. 3), with a cutting distance of three, each representing a distinct ecological role 
within the river ecosystem, as defined by their morphological and life-history traits. FG 
1, 2, 6 and 7 were composed of only one species; because this FG are represented by 
only one species, the loss of that species would lead to a complete loss of the FG. Group 
5 had the highest number of species (five), followed by FG 4 (four); the number of 
species represented in these FG may indicate that the disappearance or decrease of some 
of the species would not cause the disappearance of the FG. Non-native I. punctatus 
exclusively represented FG 1, with a total length of 257.50 mm, horizontal mouth 
opening of 22.27 mm, vertical mouth opening of 15.90 mm, gill arch measurement of 
21.01 mm, subterminal mouth position, concave caudal fin shape, omnivorous feeding, 
and is a benthic species. Their reproduction is complex, oviparous. Ictalurus balsanus, 
native to the basin, was the only species in FG 2. Average values ​​of total length were 
130 mm, horizontal mouth opening 14.49 mm, vertical mouth opening 13.43 mm, and 
gill arch 13.50 mm. The species has subterminal mouth, concave caudal fin, it feeds on 
benthic invertebrates and has a benthic position in the water column. FG 3 consisted 
of non-native Loricariids P. disjunctivus and P. pardalis. The specimens in this group had 
a total length of 142.61–155.94 mm, a horizontal mouth opening of 12.90–14.21 mm, 
vertical mouth opening of 11.16–12.53 mm, a gill arch of 13.18–13.90 mm, with an 
inferior mouth position, and a notched caudal fin shape. They are omnivorous species 
with complex oviparous reproduction and benthic habits.

FIGURE 3 | Dendrogram of the functional groups in the ichthyofauna of the Amacuzac River. Groups formed using the Ward’s method 

(see Material and Methods). Names of the species in green represent native species. Names in black are non-native species. Key to species 

abbreviations can be found in the data collection section.
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FG 4 was composed of species P. bimaculatus, X. helleri, P. maylandi and P. gracilis, of 
which only P. maylandi is a native species. The morphological characters that group these 
species were total length (45.49–61.44 mm), horizontal mouth opening (3.47–5.23 mm), 
vertical mouth opening (3.28–4.64 mm), gill arch (4.39–6.90 mm), mouth location in 
an upper position, viviparous reproduction and being species that are located on the 
surface of the water column. This FG is represented by organisms of the Poeciliidae 
family. They are the smallest in size compared to other FG, obtain their food from the 
upper layer of the water column, and tend to exhibit gregarious behavior. Their small 
size is compensated for by the size of their populations, being the most abundant FG.

FG 5 was composed of A. nigrofasciata, A. istlanus, A. rivulatus, Oreochromis sp. and 
T. maculipinnis, all of them cichlids. Only A. istlanus is native to the basin. The range of 
morphological measurements in this group for total length was 60.41–79.87 mm, with 
a horizontal mouth opening of 4.67–7.21 mm, a vertical mouth opening of 5.87–8.55 
mm and a gill arch of 9.46–12.74 mm, with the mouth located in a terminal position. 
FG 6 consisted exclusively of I. whitei, native to the basin. The species had average 
values ​​of total length of 56.37 mm, horizontal mouth opening of 4.47 mm, vertical 
mouth opening of 4.16 mm, gill arch of 5.23 mm, and had a terminal mouth position, 
with a truncated caudal fin, omnivorous feeding, viviparous reproduction, and a benthic 
position in the water column. This group is found mainly in shallow waters with a 
moderate current.

FG 7 consisted only of the A. aeneus, a native species of the basin. This species 
had an average total length of 80.62 mm, a horizontal mouth opening of 5.85 mm, a 
vertical mouth opening of 7.25 mm, a gill arch measurement of 9.44 mm, a mouth in 
terminal position, with a serrated caudal fin shape. It feeds on invertebrates, has simple 
oviparous reproduction and is located mid water. The species in FG 8 were A. balsana 
and G. boucardi, both native to the basin. They have a total length of 49.95–57.88 mm, 
a horizontal mouth opening of 2.84–3.84 mm, a vertical mouth opening of 4.09–4.20 
mm, a gill arch of 4.06–5.33 mm and a notched caudal fin shape. They are species 
with simple oviparous reproduction. This FG is found in the middle and lower water 
column, feeding primarily on macroinvertebrates. They are fast-swimming organisms 
and do not exhibit parental care.

In general, the conformation of FG according to the similarity of their traits was 
given for FG 1, 2 and 3 by species with similar morphological measurements for vertical 
mouth opening, gill arch and body height. FG 4 and 5 presented similarities in the 
height of the mouth, gill arch, position of the mouth and their position in the water 
column (Fig. 3). The FG with the highest abundance of fishes across all sites were FG 1 
and 5. Those with the least abundance of fishes were FG 7, 3 and 8 (Fig. 4).

Presence of functional groups at sampling sites. FG 4, 5 and 8 were present along 
the entire course of the Amacuzac River (Tab. 3). FG 1 was only present at site four 
and had a low abundance (n = 2) (Tab. 3). The cluster of sampling sites performed 
using the Morisita-Horn index with a cut to 0.90 similarity, formed two clusters (Fig. 
5). The first cluster was formed by sites in the middle part of the Amacuzac River (3, 
4, 5, 6, and 7), where FG 1, 2, 4, 5, and 6 were present. The minimum similarity value 
was found between sites 4 and 7 (0.888) (Tab. 4), highlighting the exclusive presence of 
FG 1 and the absence of FG 3 at site 4. The highest similarity in cluster one was found 
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between sites 6 and 7 (0.996) (Tab. 4), which contained FG 2, 3, 4, 5, 7, and 8 (Tab. 
4). The second cluster consisted of sites 1, 2, 8, 9, and 10, located at the upstream and 
downstream ends of our study area. FG 4, 5, and 8 were present at all sampling sites 
in cluster two. The minimum similarity value was found between sites 1 and 8 (0.801) 
(Tab. 4), which only shared three FG (4, 5, and 8). The highest similarity was found 
between sites 2 and 10 (0.996) (Tab. 4), which shared four FG (4, 5, 7 and 8) (Tab. 4).

TABLE 3 | Abundance of functional groups (FG) at sampling sites in the Amacuzac River, Mexico. S = 

species richness.

FG 1 FG 2 FG 3 FG 4 FG 5 FG 6 FG 7 FG 8 S

Site 1 0 0 0 510 30 0 190 127 4

Site 2 0 0 0 821 219 4 57 71 5

Site 3 0 2 0 214 408 0 19 136 5

Site 4 2 2 0 124 464 0 11 80 6

Site 5 0 6 4 215 278 5 32 95 7

Site 6 0 16 1 247 311 0 18 34 6

Site 7 0 8 1 255 285 0 4 50 6

Site 8 0 2 3 670 430 6 0 27 6

Site 9 0 4 2 361 155 0 1 90 6

Site 10 0 16 4 384 85 0 3 39 6

Total 2 56 15 3801 2665 15 335 749

FIGURE 4 | Abundance of functional groups (FG) of fishes in the Amacuzac River, Morelos, Mexico.
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FIGURE 5 | Dendrogram of similarity of sampling sites, based on the functional groups of the ichthyofauna of the Amacuzac River (obtained 

using the Morisita-Horn index).

TABLE 4 | Analysis of the similarity of functional groups between sampling sites in the Amacuzac River, 

using the Morisita-horn index.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10

Site 1 1 0.925 0.527 0.326 0.660 0.639 0.674 0.801 0.888 0.913

Site 2 1 0.662 0.503 0.766 0.796 0.828 0.948 0.972 0.996

Site 3 1 0.959 0.982 0.961 0.957 0.835 0.786 0.631

Site 4 1 0.898 0.908 0.888 0.733 0.629 0.467

Site 5 1 0.977 0.980 0.897 0.870 0.737

Site 6 1 0.996 0.939 0.872 0.768

Site 7 1 0.955 0.904 0.804

Site 8 1 0.966 0.934

Site 9 1 0.966

Site 10 1
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DISCUSSION

Our results comprise a first approach to understanding functional diversity in the 
fish community of the Amacuzac River. We identified ecological and morphological 
functional traits for fishes in the community, estimated several metrics of functional 
diversity and identified which FG are formed and how they are distributed along the 
river. These approaches allow simultaneous analysis of species richness, abundance and 
their life history, along with characteristics that influence fishes’ functionality in the 
river ecosystem (Violle et al., 2007; Gómez-Ortiz, Moreno, 2017). This could allow 
better understanding of communities under different disturbance scenarios. Analyzing 
diversity in an integrative way allows for a more precise understanding of the role of 
species in ecosystems. (Barragán et al., 2011; Cordero-Martínez et al., 2022).

Species richness showed a clear spatial pattern along the river; sites with the highest 
species richness also exhibited greater functional complexity, a pattern previously 
reported for other biological groups (Moreno et al., 2006; Barragán et al., 2011). In 
the Amacuzac River, sites with higher species richness were characterized by a greater 
number of non-native species, whereas sites with lower species richness recorded a 
similar proportion of native and non-native species. This highlights the contribution of 
non-native species to maintaining ecological functionality in the ecosystem. Deliberate 
or accidental release of fish has been constantly reported in the Amacuzac River, mainly 
due to the presence of aquaculture facilities (Contreras-MacBeath et al., 2020; González-
Montes de Oca, 2020; Mercado-Silva et al., 2020; Cordero-Martínez et al., 2022). These 
invasives have contributed to replacing or increasing functional traits and diversity in 
the Amacuzac. While this trend has been observed elsewhere it has also been observed 
that the presence of non-native fishes can reduce functional traits related to forms of 
locomotion and the use of habitat and food resources (Souza et al., 2021).

In response to the establishment of new species, communities change by increasing 
the functional niche space or generating functional redundancy between species 
(Moreno et al., 2006; Barragán et al., 2011). In this case, in sites with lower functional 
complexity may contain unoccupied or underutilized functional niches, representing 
ecological opportunities that could be accessed by newly stablished species (Mason et al., 
2005; Córdova-Tapia, Zambrano, 2015).

The functional diversity indices we explored allowed a more precise understanding 
of the ecological role species play in the Amacuzac. Functional evenness, which 
indicates how homogeneously species are distributed in a functional space (Villéger 
et al., 2010), was highest at site 2, located in the upstream part of the river. In this site 
we identified a very similar richness and abundance of native and non-native species. 
This suggests that the occupied functional space is being widely used, and that species 
are represented in a homogeneous manner when considering their functional traits. 
This could be a limitation to the establishment of non-native species (Mason et al., 
2005) at the site. The opposite is observed at site 4, where low values ​​of functional 
evenness suggest that the functional space could be underutilized. At this site, occupied 
functional space was dominated by A. nigrofasciata and A. istlanus. This could generate 
gaps in the functional space, opening the possibility for the establishment of additional 
non-native species (Mason et al., 2005) which are pervasive in other areas of the river. 
Functional redundancy between native and non-native species is observed in all sites. 
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This is usually associated with the disappearance of native species in the ecosystem, 
especially when resources such as food, shelter, oviposition or breeding space are 
limited or when the intensity of interactions leads to one of the species being replaced. 
However, functional redundancy can generate greater resilience in ecosystems, giving 
them a greater chance of recovering in the face of possible alterations (Barragán et al., 
2011; Córdova-Tapia, Zambrano, 2015). Considering this, while in the strictest sense 
of conservation the establishment of non-native species is a problem for ecosystems, in 
a system such as the Amacuzac River, which receives constant anthropogenic impacts, 
such as pollution, water extraction, land use change and the release of non-native species 
(Contreras-Balderas et al., 2008; Mejía-Mojica et al., 2012; Eufracio-Torres et al., 2026; 
Escandón-Calderón et al., 2018; Contreras-MacBeath et al., 2020; Mercado-Silva et 
al., 2020; Cordero-Martínez et al., 2022), the establishment of non-native species and 
associated greater functional redundancy could help the resilience of the river. The 
reduction in the population size of some native species would not directly lead to the 
disappearance of a functional group in the ecosystem.

Functional divergence allows estimation of functional similarity by considering the 
most dominant species in a community (Villéger et al., 2010). Sites showing higher 
values ​​of functional divergence were those where dominant species presented a greater 
differentiation in the functional niche they occupy. Greater differentiation in the 
functional niche could reduce competition because of a more efficient use of resources 
(Córdova-Tapia, Mercado-Silva, 2019; Cadena-Mantilla, 2020). However, in the 
Amacuzac those species that are dominant in abundance are non-native species. This 
again highlights the impact that the establishment of non-native species in the river has 
had on the structure, composition and functionality of the native fish (Mejía-Mojica 
et al., 2012; Contreras-MacBeath et al., 2020; Mercado-Silva et al., 2020; Cordero-
Martínez et al., 2022).

Functional dispersion (the average distance of each species to the weighted centroid 
considering all species in the community in the functional space (Córdova-Tapia, 
Mercado-Silva, 2019; Laliberté, Legendre, 2010) values were relatively low in the 
Amacuzac and varied little among sampling sites. This indicates that, in the context 
of functional traits, the most abundant species did not differ from each other. That the 
most abundant species belong to the Poecilidae and Cichlidae, could explain a reduced 
functional dispersion in the Amacuzac River, since differences in the functional traits 
within these families are also minimal.

Of the eight FG characterized in the Amacuzac basin, six of them present native 
species. This suggests that most of the functional niches were already being occupied 
by native species before the arrival of the non-native species. FG 1, 2, 5 and 7 are 
composed of more than one species. Among these, groups 1 and 5 had native and 
non-native species. FG 2 had two native species and group 7, only non-natives. The 
formation of FG with more than one species suggests that the disappearance of one 
of the species will not generate the disappearance of the FG since the membership 
of a species in a FG defines its ecological role (Barragan et al., 2011; Córdova-Tapia, 
Zambrano, 2015). However, the opposite occurs in FG 3 (A. balsana), FG 4 (A. aeneus), 
FG 6 (I. balsanus) and FG 8 (I. punctatus), formed by only one species, and with only 
FG 8 being represented by a non-native species. The formation of single-species FG 
suggests that an alteration in the system leading to that species loss, would also lead to 
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disappearance of the FG from the system, which would result in negative ecological 
effects. Therefore, we highlight the importance of the presence or absence of particular 
species and traits, as well as species combinations with specific traits (Barragan et al., 
2011; Córdova-Tapia, Zambrano, 2015). 

While our description and analysis of the functional diversity of the Amacuzac offers 
relatively clear patterns, it is worth noting that the collection methodologies used, and 
the seasonality of our collections could limit the representation of all the species (and 
functional traits) present in the river. Further, these factors also influence the variation 
in body size for collected individuals, which could also influence trends in functional 
indices we investigated. Additionally, site-specific analyses of the diet of collected 
organisms could provide a better delimitation of feeding guilds in the Amacuzac. 
Trophic attribute information for species in the Amacuzac arises from what is known 
for the species in studies from across their range. Site specific information might better 
describe functional traits related to trophic guilds in the system and could even lead to 
changes in our interpretation of the functional structure we observed.

Similarity between sampling sites was mostly determined by the abundance of 
individuals in each FG; sampling sites with greatest similarity were those with equal 
abundances. Although FG 3 and 8 were present exclusively in some of the sampling 
sites (3 sites and 1 site, respectively), the low abundance recorded by these FG means 
that there is no significant difference between the sites where these exclusive FG are 
present or absent.

Our study describes and analyzes patterns of functional diversity of ichthyofauna 
along the Amacuzac River, a facet of diversity that has been scarcely explored in the 
basin. It highlights the importance of continuing to analyze functional diversity in this 
river and other bodies of water belonging to the basin and in other biological groups 
in the region. Likewise, it is important to extrapolate this type of research to other 
regions and allow for comparable metrics; such as the multiple facets of diversity that 
can reflect different spatial patterns when evaluating the community structure of fish, 
which is essential for their conservation (Zhang et al., 2023), because fish control other 
organisms through predation, mediate nutrient flows, and act as ecosystem engineers 
(Villéger et al., 2017).
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