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			ABSTRACT

			Introduction: Lotic systems exhibit characteristics defined by their interactions with the surrounding areas. Riparian forests and water flow are fundamental elements for the maintenance of macroinvertebrate diversity. Therefore, it is essential for preservation of these functions, especially in threatened environments such as dry tropical forests. 

			Objective: To evaluate the relationship between riparian forest quality, water physicochemical variables, and the taxonomic and functional diversity of macroinvertebrates associated with leaf litter. 

			Methods: In a stream draining tropical dry forest, we sampled macroinvertebrate communities using leaf traps, in sites with different conditions of riparian forest, along with leaf litter inputs for each site, during a year. We performed PERMANOVA to compare treatments and factors, and used Multiple Linear Regression Model and Redundancy Analysis to associate environmental variables with changes in taxonomic and functional diversity. 

			Results: Conserved riparian forests have an effect on functionality, positively related to higher functional richness and traits like functional feeding group variety and bigger head width. Meanwhile, functional distance and functional evenness are not related to Qualitat del Bosc de Ribera index (QBR) in the stream. Also, changes in vertical and drifting leaf litter input, coupled with increased total dissolved solids due to runoff, alter stream conditions sufficiently to generate community changes and decreases in abundance, correlated with areas of lower QBR therefore less tree canopy cover and higher solar radiation. 

			Conclusions: We found that riparian forest quality and environmental variables like total dissolved solids and solar radiation influence the taxonomic and functional diversity of macroinvertebrates.

			Key words: functional richness; functional distance; QBR index; leaf litter packs; riparian areas.

			RESUMEN

			Cambios taxonómicos y funcionales de los macroinvertebrados en arroyos asociados 

			a la cobertura ribereña de bosques secos tropicales

			Introducción: Los sistemas lóticos presentan características definidas por sus interacciones con las áreas circundantes. El bosque ripario y el flujo de agua son elementos fundamentales para el mantenimiento de la diversidad de macroinvertebrados. Por lo tanto, esenciales para la preservación de estas funciones, especialmente en ambientes amenazados como los bosques secos tropicales. 

			Objetivo: Evaluar la relación entre el estado de la calidad del bosque ripario y las variables fisicoquímicas del agua con la diversidad taxonómica y funcional de los macroinvertebrados asociados a la hojarasca. 

			Métodos: En un arroyo localizado dentro de un remanente de bosque seco tropical, muestreamos comunidades de macroinvertebrados utilizando trampas de hojas, en sitios con diferentes condiciones de bosque ribereño, junto con el cálculo de los aportes de hojarasca para cada sitio durante un año. Realizamos un PERMANOVA para comparar entre tratamientos y factores, además de un Modelo de Regresión Lineal Múltiple y un Análisis de Redundancia para asociar nuestras variables ambientales con los cambios en la diversidad taxonómica y funcional. 

			Resultados: Los bosques riparios conservados tienen un efecto en la funcionalidad, relacionado positivamente con una mayor Riqueza Funcional y algunos rasgos como la variedad de grupos funcionales alimentarios y un mayor ancho de la cabeza. Por otro lado, la Distancia Funcional y la Uniformidad Funcional no están relacionadas con el índice Qualitat del Bosc de Ribera (QBR) en el arroyo. Además, los cambios en los aportes verticales y de deriva de hojarasca, junto con el aumento de sólidos disueltos totales debido a la escorrentía, alteran las condiciones del arroyo lo suficiente como para generar cambios en la comunidad y disminuciones en la abundancia, correlacionadas con áreas de menor índice QBR, es decir, menor cobertura de dosel arbóreo y una mayor radiación solar. 

			Conclusiones: Encontramos que los cambios en la diversidad taxonómica y funcional de los macroinvertebrados están influenciados por la calidad del bosque ribereño y por variables ambientales como los sólidos disueltos totales y la radiación solar.

			Palabras clave: riqueza funcional; distancia funcional; Índice QBR; paquetes de hojarasca; áreas ribereñas.
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			INTRODUCTION

			Riparian forests play a critical role in regulating stream ecosystems through structural and functional interactions (Granados-Sanchez et al., 2006). Riparian forests have multiple valuable functions, including their use as a buffer against external conditions that would destabilize the stream’s hydrological and physicochemical characteristics (Boyero et al., 2012; Breton et al., 2023). The tree canopy regulates light input and moderates thermal fluctuations in the stream (Cory et al., 2014; Granados-Sanchez et al., 2006; Kibichii et al., 2007). Nevertheless, riparian forests are a key source of allochthonous organic matter, primarily via leaf litter deposition, which drops its litter into the water flow (Fajardo et al., 2000; Moulton & Wantzen, 2006; Munné et al., 2003; Segura et al., 2003).

			In low-order streams, the riparian forest limits autochthonous primary productivity, allowing allochthonous primary production, in the form of leaf litter, as the main source of energy in these ecosystems (Moulton, 2006; Neres-Lima et al., 2017). This leaf litter inputs depend on three variables: The riparian forest density, the seasonality that affect the litter inputs according to the climatic patterns and tree phenology (Christopher, 2014) along with the tree species composition that defines the amount and type of leaf litter (Biasi et al., 2019; Leite-Rossi et al., 2016; Ramos et al., 2021). Consequently, this incoming leaf litter undergoes multiple fragmenting and decomposition processes that are mediated by environmental agents (biotic (i.e. fungi) and abiotic (physical) that degrade leaf litter, allowing this energy to be processed by secondary consumers like macroinvertebrates entering the aquatic food web (Ferreira et al., 2012; Ramos et al., 2021).

			Due to their morphological and ecological diversity, aquatic macroinvertebrates are dominant members of benthic communities and sensitive to environmental variation. However, they are highly susceptible to environmental changes, such as variations in water physicochemical variables and leaf litter quality (Domínguez & Fernández, 2009; Hanson et al., 2010). They have developed an important role in diverse ecological processes, particularly in the transfer of energy within the food web through leaf litter degradation (Mello et al., 2018; Merritt et al., 2017; Saha et al., 2012). Therefore, variations in macroinvertebrate diversity are particularly relevant to ecosystem conservation, especially in threatened environments where factors like riparian forest fragmentation and the replacement of native tree species lead to changes in composition and abundance (Berger et al., 2018; Casotti et al., 2015; Classen-Rodríguez et al., 2017; Kominoski et al., 2013). Thus, taxonomic diversity indices have been used as evaluators of changes in diversity, for the scientific understanding of patterns of species richness, in favor of metrics based on functional traits, which may be more useful for detecting responses to environmental (Dalzochio et al., 2018).

			The functional value of macroinvertebrates can be described by biological traits that express the ability to adapt to environmental conditions (Pearson et al., 2017; Tomanova et al., 2006), which consequently allows us to understand the processes in ecosystems, based on the characteristics of the organisms that compose it (Boersma et al., 2016). Therefore, functional diversity (FD) is understood here quantitatively, based on the value of the aforementioned traits and measured according to their role in ecological processes (Boersma et al., 2016). FD measures are made from its multiple components, among which we highlight functional richness, functional evenness and functional divergence proposed by Mason et al. (2005) and Villéger et al. (2008), along with functional distance proposed by Boersma et al. (2016) and functional dispersion by Laliberte and Legendre (2010). These are parameters commonly used in aquatic ecology studies to understand how communities organize and respond to environmental changes. Specifically, by analyzing richness, evenness and functional distance; researchers can identify patterns of biodiversity that would not be evident through the analysis of taxonomic diversity alone (Ferreira et al., 2017; Malacarne et al., 2024). Evaluating functional diversity is a specific methodology used to understand how the organismal dynamics are related to an ecosystem conservation state, especially in threatened environments (Casotti et al., 2015; Classen-Rodríguez et al., 2017).

			Tropical Dry Forests (TDF), are an ecosystem located in altitudes lower than 1 200 m.a.s.l., receive annual precipitation lower than 2 500 mm, and feature fertile soils that promote extensive tree cover (DRYFLOR et al., 2016; Halffter, 1992). Dry forests have low resilience to disturbances that, in addition to their longer dry season, cause the forest to change into xerophytic areas (Pennington et al., 2000). Tropical dry forests occur worldwide but are especially extensive—and threatened—in South America, where they are severely endangered by deforestation and land use change (DRYFLOR et al., 2016; Saenz-Pedroza et al., 2022). In Colombia, according to the Alexander von Humboldt Institute, more than 90 % of TDF tree cover areas has been modified by human activities. Additionally, the National System of Protected Areas records that less than 5 % of dry forest is in some type of protected area, making it the most threatened Colombian environment (Linares & Fandiño, 2009; Pizano & Garcia, 2014).

			In the tropical dry forest, long periods of drought make it difficult for organisms to access water, which has led to water bodies and riparian areas acquiring importance as regulators in the water cycle and become in biodiversity hotspots, promoting the resilience of TDF in the face of climate change (Segura et al., 2003; Stan et al., 2021). Due to this, environmental protection projects for the TDF have focused on the conservation of aquatic and riparian ecosystems to promote the restoration of the dry forest (Andrade et al., 2022; Pizano & Garcia, 2014; Romero-Duque et al., 2019). However, riparian forests and water bodies have deteriorated in recent years due to demographic and agricultural expansion in Colombia (Melo et al., 2017; Romero-Duque et al., 2019). For this reason, riparian ecosystems represent a critical variable to consider when defining restoration processes for aquatic systems in TDF (Galeano Rendón et al., 2017; Longo et al., 2010; Rincón et al., 2017; Vásquez-Ramos et al., 2013). Furthermore, in recent years, the use of riparian quality assessment indices has gained traction in Colombian environments. Among these, the QBR index (Qualitat del Bosc de Ribera) stands out, as it provides quantitative results based on the specific conditions of each riparian habitat, including forest structure and the degree of naturalness of the river channel (Munné et al., 2003; Suárez et al., 2002).

			Currently, the conservation of aquatic and riparian systems has been promoted as the central axis of regional projects for TDF conservation in Colombia, focused on reforestation programs and soil quality improvement processes (Barraza et al., 2010; Contreras-Santos et al., 2023; Galeano-Rendón et al., 2017; Romero-Duque et al., 2019). However, despite its relevance, the effects of riparian system modifications on the functional diversity of macroinvertebrates have been scarcely discussed. Most studies in the have primarily focused on the analysis of trophic groups, often neglecting the examination of components and traits related to functional diversity. Only a limited number of studies, such as those by Motta Díaz et al. (2017), Rojas et al. (2020) and Tette-Pomárico et al. (2023)—conducted in Providencia Island, tributary rivers of Lake Tota, and temporary lagoons in the Magdalena state, respectively—have addressed comprehensive analyses of functional diversity within the Colombian tropical dry forest.

			Therefore, in this paper we establish this research question: How does the condition of riparian forest influence the diversity and functionality of macroinvertebrates colonizing leaf packs? We propose the following hypotheses: (1) If the QBR index varies, shift in macroinvertebrate diversity and functionality will be expected, due to the preference of certain macroinvertebrate species for specific types of leaf litter with higher decomposition rates. (2) If the stream and riparian conservation gradient changes in response to variations in environmental variables, such as riparian forest conditions and water physicochemical properties, a corresponding variation in macroinvertebrate taxonomic diversity will be observed. And (3) the stream and riparian conservation gradient changes in response to variations in environmental variables, such as riparian forest conditions and water physicochemical properties, a corresponding variation in macroinvertebrate functional diversity will be observed.

			MATERIALS AND METHODS

			Study site and experimental design: The study area is in the municipality of Paicol from the department of Huila, Colombia, within a remnant of tropical dry forest in the hydrographic basin of the Upper Magdalena River Valley. This region registers an average annual rainfall of 1 469 mm and temperatures between 19 and 25 °C. It features a regime with a rainy season that goes from November to March, an intermediate period between April to July, and a dry period from August to October (Direct data from the IDEAM hydrometeorological database point, close to the study area). Our study was conducted in the “La Avería” stream, which is a third-order fluvial environment belonging to Western Huila. This stream originates at an altitude of 922 m.a.s.l., within a conserved remnant of the riparian forest, which is part of the TDF patches, with holds a rock-type substrate. It then covers a length of approximately 4.5 km through areas with sand and leaf litter substrates, where the forest has been disturbed by urban waste, rice crops, and cattle ranching. Finally, it flows into the Páez River at an altitude of 805 m.a.s.l.

			We defined three sampling zones along the stream according to changes in riparian forest: 1) The upper zone (2°26’22.3” N & 75°46’31.4” W, 922 m.a.s.l.) (High coverage-HC) corresponds to the area where the native forest is still preserved and is dominated by Zygia longifolia (Willd.) Britton and Rose. 2) The middle zone (2°26’31.8” N & 75°46’5.9” W, 813 m.a.s.l.) (Low coverage-LC) is in a sector where the trees from riparian forest disappear as a consequence of the presence of rice crops causing an overcrowding of shrubs and bushes, besides discharges from the nearby urban center were observed. 3) The lower zone (2°26’57.2” N & 75°45’24.6” W, 805 m.a.s.l.) (Medium coverage-MC) is a riparian forest dominated by Guazuma ulmifolia Lam. with the presence of livestock in the fluvial system surroundings. We established an approximate distance of 1.5 km between each sampling zone. Simultaneously, considering the rain regime, we established three sampling periods: the dry season (DS) (July to September 2020), the intermediate season (IS) (November 2020 to January 2021), and the rainy season (RS) (March to May 2021).

			The climatic data for the study area—precipitation (mm) and temperature (ºC)—were taken from the records of the meteorological stations belonging to the Institute of Hydrology, Meteorology and Environmental Studies (IDEAM), located in the Paicol urban area and the Páez river. Stream physicochemical and hydrological characteristics were recorded in triplicate with a HANNA HI98194® multiparameter probe: conductivity (μScm-1), dissolved oxygen (mgl-1), total dissolved solids (TDS) (mgl-1), pH, and water temperature (°C). We also measured, in triplicate, the flow (m3s-1) according to the method proposed by (Elosegi & Sabater, 2009), which multiplies average depth (m), and the width (m) of the section, and water velocity (ms-1), measured using a flowmeter JDC Electronics 94356 FS. Whole all sampling data were collected in 300 m transects.

			We assessed the state of conservation of the riparian forest with the QBR index adapted for Colombia (Posada & Arroyave, 2015). To sample each station, we made 10 transects of 30 m each (five on each side of the stream) to average the values and interpret our data with theoretical levels (Galeano Rendón et al., 2017; Munné et al., 2003; Suárez et al., 2002). Additionally, at the start and end of the same transects used for the QBR index, we recorded the input of solar radiation (Wm-2) with a LI-COR LI-210R® lux meter, and the density of the riparian forest using a spherical densitometer according to the methodology in Lemmon (1956).

			Leaf litter traps and organic matter inputs: The contribution of organic matter was determined from vertical inputs (litterfall), lateral inputs (on the stream edges), and drift inputs, following the method of Elosegi and Sabater (2009). Three leaf litter traps were installed at each input entrance site (nine leaf litter traps per sampling area), distributed every 10 m within each sampling area. The catchment area of the vertical and lateral meshes was 0.25 m2, while that of the drift meshes was 0.045 m2. Each mesh had a pore size of 0.2 mm. In each sampling season, vertical and lateral samples were collected on days 31 and 63. Additionally, drift material was collected every 12 hours over a 24-hour period.

			All organic material captured by the traps was processed according to the methodology set forth by Elosegi and Sabater (2009). Litter samples were oven-dried and weighed following standard gravimetric protocols. Ash-Free Dry Mass (AFDM) was determined by muffle furnace combustion at 420 °C. Finally, the vertical and lateral inputs of organic matter were calculated according to the following equation proposed by Elosegi and Sabater (2009):
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			Where Emo is the density of organic material coming from the vertical or lateral inputs, t is the exposure time of the net in hours, and A is the area of the intake net mouth in m2. For the analysis of organic material from drift, we used the equation of (Benke et al., 1999):
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			Where Dd is the density of material coming from the drift, t is the exposure time of the net in hours, vel is defined as the velocity of the water flow, and As is the submerged area of the net intake.

			Macroinvertebrate sampling and trait assignment: To relate the macroinvertebrates collected in the stream with the organic matter inputs from the riparian system, we used leaf litter traps according to the methodology proposed by Elosegi and Sabater (2009). The litter was collected from three tree species: Guadua angustifolia (Kunth), G. ulmifolia Lam. and Z. longifolia (Willd.) Britton & Rose, which previous studies have shown as abundant species along the stream in the study area (Cuellar-Cardozo et al., 2022). The plant material was directly collected from multiple trees located in the study area during the rainy season, ensuring the senescent leaves were fresh and uniform. This material was taken to the laboratory to be dried in an oven at 40 °C for 48 h, weighed (4.5 ~ 5.0 g), and enclosed into mesh bags (25 × 10 cm) with a 5 mm pore opening. In total, 135 packages were placed throughout the experiment, 45 packages (15 per plant species) for each of the three sampling periods in the established stations. The placement of the packages within the stream was randomized to cover the greatest possible environmental heterogeneity, maintaining a minimum distance of 5 meters between each one. Additionally, to prevent the flow from dragging the leaf litter packages away, they were secured to iron bars buried in the stream bed or littoral zone using fishing line.

			Subsequently, three leaf litter packages were removed on days 7, 14, 28, 56, and 63 after the experiment had elapsed were taken across all three sampling zones and the macroinvertebrates were removed from the leaf litter and placed in 70 % ethyl alcohol. Finally, specimens were identified to the lowest possible taxonomic level using standard keys for Neotropical aquatic macroinvertebrates and support material (Brinkhurst & Gelder, 2001; Brown et al., 2010; López Naranjo & Trapero Quintana, 2004; Domínguez & Fernández, 2009; Garrison et al., 2006; Garrison & Ellenrieder, 2015; Hanson et al., 2010; de Jong, 1987; Linares et al., 2018; Merritt et al., 2008; Moncada Álvarez et al., 2018; Padilla-Gil, 2002; Posada-García & Roldán-Pérez, 2003; Romero & Ari Noriega, 2013; Wiederholm, 1983; Wilches-Álvarez et al., 2013).

			The categorization of functional traits (Table 1) was based on the methods proposed by Rojas et al. (2020) and Tomanova et al. (2008). Traits were selected based on their theoretical relevance, linking their variation to changes in the riparian and aquatic ecosystems at a local spatial scale, and ensuring that their variation was sufficiently detectable within the sampling period (Espinoza-Toledo et al., 2021; Firmiano et al., 2021; Linares et al., 2019; Tomanova & Usseglio-Polatera, 2007). Specifically, the functional traits of biomass, head width, and body length were selected according to their possible relation with the environmental variables as suggested by Rojas et al. (2020) and Schmera et al. (2015). In the case of Mollusca specimens, we measured the width and length of the shell. The measurement of the morphometric variables was carried out on a scale, and we photographed specimens with the software ImageJ® (Gonzalez, 2018). We determined biomass according to Elosegi and Sabater (2009), Baumgärtner and Rothhaupt (2003), Benke et al. (1999), and Burgherr and Meyer (1997) takes measurements of at least 30 individuals per morphotype. Finally, the Functional Feeding Groups (FFG) selection was established according to the classification of Tomanova et al. (2006) and was assigned according to the information provided by Aguiar et al. (2018); Bojsen and Jacobsen, (2003); Chará-Serna et al. (2012); Domínguez and Fernández, (2009); Ferreira et al., (2017); Iñiguez-Armijos et al. (2018); Lourenço-Amorim et al. (2014); Miserendino and Masi, (2010); Mosele Tonin et al. (2018); Sonoda et al. (2018); Tomanova et al. (2007); and Wantzen and Wagner, (2006).

			Statistical analysis: We determined the non-normal distribution using the Kolmogorov-Smirnov test in the whole biological and environmental variables (climatic data, water physicochemistry, and QBR index) and found differences in organic matter input according to the sampling area and season through multiple Kruskal-Wallis tests for a descriptions analysis. Regarding the macroinvertebrate community, we calculated alpha diversity records from Hill numbers-qD (Jost, 2019) that allow expressing taxonomic diversity in terms of “effective number of species”, which facilitates the comparison between different communities, where the number of taxa (q = 0), common taxa (q = 1) and dominant taxa (q = 2) were estimated. To assess differences in assemblages’ attributes between the sampling area, period, and leaf litter categories, controlling the time effect, we developed using a Kruskal-Wallis analysis, due to the data did not exhibiting a normal distribution or their variances were not homogeneous. All statistical analyses were performed in R v4.3.1 (R Core Team, 2023).

			For our functional analysis, we constructed a fuzzy matrix with each of the trait categories in a non-exclusive rating system: 0 (no link), 1 (weak link), 2 (moderate link), and 3 (strong link). We chose this system due to the phenotypic plasticity of macroinvertebrates that allows them to link to more than one category per trait (Chevenet et al., 1994). Subsequently, we multiplied this fuzzy matrix by the abundance of our specimen morphotypes to obtain a matrix of functional traits by zone, season, and plant species of the litter fall during the entire sampling. We used Gower’s distance to reduce the variability of the data (de Bello et al., 2013). Our FD measures was made from three of its components: functional richness (Fric), which is the amount of space of each functional trait that is occupied by each species; the functional distance (Fdis) which is understood as the species abundance distribution that maximizes the functional traits divergence; and functional evenness (Feve) explained as the homogeneity in the abundance distribution of functional traits (Cordova-Tapia & Zambrano, 2015; Mason & de Bello, 2013). Whole data was carried out through the “FD” package, through R v4.3.1 (R Core Team, 2023).

			We tested our first hypothesis by checking for differences in the taxonomical and functional diversity of aquatic invertebrate communities that colonized the leaf litter bags for each sampling area, season, and leaf litter species via various permutational multivariate analyses of variance with two factors (PERMANOVA two-way), pairwise comparisons when PERMANOVA results were significant and Monte Carlo randomization (999 permutations, p-value < 0.05). Also, group dispersion was assessed and found homogeneous. Our null hypothesis was that there was no difference in the benthic community among sites and that there was no interaction between sites and exposure time of the bags containing the leaves. For our second and third hypotheses, we examined relationships between environmental data, organic matter inputs, and macroinvertebrate composition, diversity, and functionality using multiple linear regression models (MLRM), testing the hypotheses of the variables in the models, together with a multiple testing correction. For this analysis, we assume that specimens found in each bag are related to leaf litter species. Previously, the definition of explanatory variables in MLRM, due to the data distribution linearity, a redundancy analysis (RDA) with a Monte Carlo randomization (999 permutations, p-value < 0.05) was developed as a variable exclusion technique to combine independent predictors with highly intercorrelated environmental variables. Where the response variables matrices were Hill numbers and abundance taxonomic, and functional trait records. The Ln-transformation process and the whole data analysis was performed in R v4.3.1 software (R Core Team, 2023).

			RESULTS

			Environmental conditions: Environmental variables varied significantly across zones and seasons (Kruskal-Wallis k = 27, p < 0.05), particularly solar radiation, water temperature, conductivity, and TDS (Table 2). Regarding the sampling area, there were differences in water temperature, conductivity, TDS, water flow (with lower values in the Medium Coverage zone), solar radiation (with higher values in the Low Coverage zone), dissolved oxygen (with higher values in the Medium Coverage zone), and pH (with lower values in the Medium Coverage zone). Rainfall and temperature peaked in the rainy season, while pH was highest during the intermediate period. In contrast, the Dry season exhibited lower water flow values and higher values of conductivity and TDS. Concerning the QBR index, the high coverage zone of the stream (representing the natural conditions of the riparian forest) registered a score of 95. In contrast, the medium coverage zone had an intermediate value of 68 due to livestock impact. The low coverage zone scored a low value of 45 because of the near disappearance of the vegetation forest (Table 2).

			Both drift and vertical organic matter inputs showed differences (p-value = 0.032) by sampling zone and season (Fig. 1). The highest values of drift were presented by the high coverage (15.76 mg h-1 m-2) and low coverage (5.54 mg h-1 m-2) zones during the dry season (Fig. 1A). On the other hand, there were no differences in lateral organic matter inputs (Fig. 1B). Finally, the medium coverage zone obtained the highest value (7.56 mg h-1 m-2) during the rainy season. For vertical inputs, maximum records were shown during the dry period in the high coverage (0.15 mg h-1 m-2) and the medium coverage (0.38 mg h h-1 m-2) zones. The low coverage zone (1.81 mg h-1 m-2) obtained its maximum record during the intermediate period, due to the presence of shrubs and bushes in riparian areas (Fig. 1C).

			Community structure: Regarding macroinvertebrate composition, a total of 1 950 individuals from 39 taxa were collected corresponding to five classes, 12 orders, 31 families, and 33 genera (Table 3), were dominated by Diptera (e.g., Chironomus, Polypedilum), Gastropoda (Physa acuta), and Odonata (Argia spp.).

			We found differences in taxa composition among coverage zones, seasons, and leaf types, with the highest abundance observed in the Low Coverage zone (Fig. 2A), with 41.54 % from the total individuals (810 ind.), followed by the High Coverage zone with 29.49 % (575 ind.), and the medium-coverage zone with 28.97 % (565 ind.). Regarding the sampling season (Fig. 2B), the dry and intermediate seasons accounted for 13 % and 25 % of total individuals, respectively. Finally, the macroinvertebrate abundance through litter decomposition bags (Fig. 2C) showed that G. ulmifolia had the highest percentage of organisms with 35.43 % (691 ind.) of the total individuals. In contrast, Z. longifolia recorded 34.26 % (668 ind.) and G. angustifolia litter recorded 30.31 % (591 ind.).

			We observed significant changes in diversity values according to the sampling areas (p-value < 0.05) (Fig. 3), with an increase in richness (0D) and taxa diversity (1D) in the Medium Coverage zone. Additional variations in diversity were also observed according to the sampling period, with the lowest values of 0D and 1D occurring during the rainy period (Fig. 3). Finally, no significant variations in macroinvertebrate diversity were found according to plant species in the leaf litter.

			Monte Carlo tests revealed significant correlations between taxonomic metrics and precipitation (F = 4.305, p-value = 0.001), drift litter input (F = 2.445, p-value = 0.003), pH (F = 2.122, p-value = 0.010), solar radiation (F = 2.228, p-value = 0.013), vertical litter input (F = 1.991, p-value = 0.036), TDS (F = 1.258, p-value = 0.029), and QBR index (F = 1.801, p-value = 0.049). According to the taxonomic diversity RDA (Fig. 4A), the sum of both axes explains 64.69 % of the cumulative variation in the data, suggesting a relationship between the dry season, higher TDS and lower leaf litter vertical input values. This analysis correlated the presence of macroinvertebrates such as the damselfly Argia sp. (Args)., Hetaerina occisa (Hocc) and the mayfly Leptohyphes sp. (Lpth) as well as 0D, 1D, and total abundance values with dry season and the medium coverage sampling site. Meanwhile, taxa such as Erythrodiplax castanea (Ecst), Biomphalaria straminea (Bstr), Chironomus sp. (Chrm), and Glossiphoniidae (Glss) are associated with higher values in leaf litter drift inputs and lower pH, which are related to dry season. Finally, taxa such as Simulium ignescens (Sign), Anacroneuria sp. (Ancn) and Polycentropus joergenseni are related to rainy season when the stream recorded higher values in leaf litter vertical input and pH.

			Functional response: Regarding functional diversity values (Fig. 5), Fric differed significantly across coverage zones (PERMANOVA, F = 2.124, p = 0.049). Functional richness peaked in the HC and MC zones during the dry season, suggesting a link between canopy condition and trait dimensionality. Also, we observed that for Feve, the MC zone had its highest value during the rainy period, and its lowest value in the intermediate period. Fdis values featured stark differences, the LC zone had the lowest records, regardless of the sampling period. On the other hand, no differences were found in the functional diversity descriptors related to the plant species used in the leaf litter bags.

			According to multiples PERMANOVA two-way (Table 4), there were differences in the values of macroinvertebrate diversity and functionality by sampling coverage zone and season. Nevertheless, we found no differences in macroinvertebrate diversity according to the leaf litter plant species used in the experiment.

			Meanwhile, Ln-transformed functional diversity showed correlations with precipitation (F = 11.407, p-value = 0.001), solar radiation (F = 4.519, p-value = 0.00), pH (F = 2.381, p-value = 0.036), QBR index (F = 1.413, p-value = 0.023) and TDS (F = 0.952, p-value = 0.043) according with Monte Carlo test. In the functional RDA (Fig. 4B), the sum of both axes explains 89.66 % of the cumulative variation in the data, implying a positive relationship between TDS and solar radiation with the presence of traits, Fdis and Fric. Meanwhile, Feve is positive related to QBR and precipitation but negative related to pH. Implying a positive relationship between the TDS and the presence of traits but negatively related to precipitation. Meanwhile, Fric and Fdis are positively related to TDS and negatively related to solar radiation and precipitation.

			The MLRM evaluated the relationships between diversity, abundance values and functional diversity components with environmental variables, finding several strong and substantial results (Table 5). Abundance, richness (0D) and common taxa (1D) showed a negative connection with precipitation, added to solar radiation which are variables associated with the seasonality of the ecosystem. On the other hand, dominant taxa (2D) and richness (0D) showed a relation with variables more related to the sampling site, such as TDS and QBR index. Finally, Fric and Feve showed a respectively positive and negative connection with precipitation, which is variable and associated with ecosystem seasonality. Meanwhile, both Fric and Feve showed a positive relation with TDS, a variable linked with the sampling site. Instead, and Fdis did not show a connection with the environmental variables selected by the Monte Carlo test.

			DISCUSSION

			The first hypothesis was rejected. No significant variation in community structure and functionality was observed across the three litter leaf types. This result aligns with the hypothesis described by Boyero et al. (2011), Boyero (2012) which explained neotropical macroinvertebrates as generalists, with no preference for a particular leaf type since litter here has a lower nutritional value compared to vegetal species from temperate areas. In the same way, the compensatory feeding theory will be applied to neotropical riparian systems, where the dominance of a particular species, such as Z. longifolia in this study, forces macroinvertebrates to not discriminate among different leaf litter types due to their low nutritional value (Álvarez et al., 2021; Ramos et al., 2021).

			Also concerning first hypothesis, several studies have shown that macroinvertebrates do not exhibit a direct preference for specific litterfall types, since in neotropical areas, litterfall degradation is primarily influenced by microorganisms (Leite-Rossi et al., 2016; Oliva et al, 2019; Wootton et al., 2019; Yue et al., 2022). Thus, macroinvertebrates did not discriminate among litterfall type, even if they are opportunistic taxa as Chironomidae, Coenagrionidae, and Physidae—some dominant groups in this study. In any case, although leaf type was expected to influence colonization, no significant differences emerged—likely due to compensatory feeding and the generalist strategies of dominant taxa, as described by Boyero et al. (2011), Boyero (2012). A similar case occurs with macroinvertebrates that are directly associated with leaf litter, such as Phylloicus, which prefer a certain leaf litter toughness, more than nutritional quality, as this facilitates the shelters construction (de Souza Rezende et al., 2018; Tamaris-Turizo et al., 2020). Therefore, although litter type is associated with changes in the structure of the biotic communities, its influence is so small that it does not represent a crucial factor related to changes in the macroinvertebrates composition and functionality in the current study (de Mello Cionek et al., 2021; Maia-Jorge et al., 2022).

			The second hypothesis was supported. Sites with low QBR scores and water physicochemistry alteration showed increased dominance of tolerant taxa and reduced richness, in line with our expectations and previous studies (Bojsen & Jacobsen, 2003). Specifically, in the Low Coverage sampling zone, which was the most impacted area with a lower QBR index; we recorded that most of the litter input comes from vertical input due to the overcrowding presence of shrubs and bushes in riparian areas instead of trees. This input of previously non-degraded litter makes it even more challenging for macroinvertebrates to obtain resources, as they must expend more energy and dissolved oxygen to break down the litter through scraping processes (scrapper) (Kohlmann et al., 2021; Ortega et al., 1998). Therefore, even occasional changes in the riparian forest from small streams threaten macroinvertebrate communities due to their sensitivity to deforestation (Bojsen & Jacobsen, 2003; Cuéllar-Cardozo et al., 2020; Lorion & Kennedy, 2009; Mehring, 2012). Also, added to higher values in litter vertical input, this area got a higher record in solar radiation and TDS, and lower QBR index, which indicate increased turbidity and sedimentation in the sampling zone. Promoting a homogeneity effect in the macroinvertebrate community species, dominance by tolerant species (2D), such as P. acuta (mollusk) Glossiphoniidae sp. (annelid), and Diptera and Odonata (insect) species such as Chironomus sp., Tanytarsus sp., and E. castanea (Carchini et al., 2007; Espinoza-Toledo et al., 2021; Fierro et al., 2016; Iñiguez-Armijos et al., 2016).

			In the Medium Coverage zone, the highest 0D and 1D values were recorded, likely due to its intermediate QBR value, which supports the presence of species associated with both preserved and impacted environments (Bacca et al., 2023; Colwell & Lees, 2000; Pallares, 2017). Specifically, the low-medium impact at the Medium Coverage zone represents more accessible litterfall from drift and lateral inputs, which is previously degraded litterfall, which are related to medium TDS values, representing more and better access to resources leading to colonization by a variety of organisms such as Stenelmis sp., Orthocladiinae sp., Argia sp., Erpetogomphus sabaleticus and H. occisa (insects). Promoting greater species heterogeneity, which increases the values 0D and 1D (Bacca et al., 2023; Bojsen & Jacobsen, 2003; Bücker et al., 2010; Cuéllar-Cardozo et al., 2020; Fierro et al., 2016).

			In the higher coverage zone, the most preserved area and higher QBR values, was associated with higher values of drift litter input, which is a clear sign of constant inputs of organic matter and larger areas for biofilm proliferation, which is related to groups such as S. ignescens and Tanytarsus sp. which are organisms that require environments with a high level of dissolved oxygen and resource supply (Castro-Rebolledo et al., 2013).

			Regarding the variation in macroinvertebrates due to seasonality, during the dry period higher records in the drift leaf litter are related to the presence of organisms such as Limnocoris sp., B. straminea, E. castanea and Phylloicus magnus (insects), all of which have natural histories that necessitate extensive tree canopy cover (Cuéllar-Cardozo et al., 2016; de Carvalho et al., 2021; Encalada et al., 2010). On the contrary, during the rainy period the higher values in precipitation and leaf litter drift input are correlated with groups such as Diptera (Tanytarsus sp., Polypedilum sp., S. ignescens and Phaenopsectra sp.) and the stonefly of the Anacroneuria genus (insects). Whose organismal presence causes an increase in total abundance, 1D and 2D in the whole stream because organic matter determines nutrient entry into the trophic network (Carvalho & Uieda, 2010; Encalada et al., 2010; Granados-Sanchez et al., 2006; Leite-Rossi et al., 2016).

			Finally, the composition and diversity of the macroinvertebrate community observed in this study aligned with findings from other investigations in the upper Magdalena River valley region. This suggests interconnectivity between the different bodies of water in the region located in other TDF remnants that share riparian trees species and altitude values (Moreno et al., 2016; Pérez, 2019; Portilla, 2015; Villareal, 2019).

			The third hypothesis was supported. There is a reduction in macroinvertebrate functionality due to variation in environmental variables. Higher Fric values are directly related to environmental variables, especially riparian quality, where the High and Medium Coverage zones have a higher dimensional range that allows the traits expression, such as FFG and head width, which got a lower degree of redistribution between taxonomic groups (Colzani et al., 2013; Rojas et al., 2020). In detail, the high coverage zone’s greater vertical and drift inputs reflect continuous canopy-mediated organic enrichment, supporting increased Fric and diverse functional traits. This affirms the importance of riparian integrity for resource heterogeneity and trait expression (Rojas et al., 2020). Meanwhile, changes in the water physicochemical, such as water wastes that caused lower pH, generate a reduction in the environmental dimensionality, causing a bias in the variety of functional traits, especially body length, promoting other traits associated with environmental tolerance, altering the functional community (Coccia et al., 2021; Colzani et al., 2013; Heino, 2005).

			On the other hand, although differences in Feve and, especially Fdis values were observed according to the coverage sampling site, the multiparametric analysis showed that these changes are not related to the environmental variables recorded in this study, especially with QBR index. This is because Feve and Fdis are functional diversity descriptors that are not directly related to environmental changes at the local level, but they are the summary of the traits expression of the organisms in a limited space (Colzani et al., 2013; Espinoza-Toledo et al., 2021; Rojas et al., 2020). It is suggested that these descriptors do not contribute sufficiently to the data variance, representing a methodological limitation in this type of study on specific water bodies. Therefore, we recommended the use of Feve and Fdis in studies with a higher spatial level (e.g., landscape).

			Although we were able to observe a change in functional diversity as a result of anthropic alterations related to changes in the stream physicochemistry or the riparian system (Bojsen & Jacobsen, 2003). There were no variations in functional diversity by type of leaf litter. Because in resource-rich microenvironments, as is the case in sectors where there is a greater amount of organic matter or leaf litter, there is an accumulation of macroinvertebrates with similar functional traits, especially biomass, due to the greater food supply, which causes a high value of functional redundancy, and therefore avoids alterations in the overall functional diversity of the entire community (Rodríguez-Romero et al., 2021; Voß & Schäfer, 2017).

			Not directly related to the hypotheses, but related to specific traits records, FFG is related to other organisms traits (Bojsen & Jacobsen, 2003; Marques et al., 2021). For example, it is the variety in biomass and body length values that are associated with a greater record of predators, detritivores and scrapers, which are individuals of multiple sizes with a predilection for conserved areas such as the lower and upper reaches of the stream (Heino, 2005; Iñiguez-Armijos et al., 2018). In contrast, the other FFG like collector-gatherers, collector-filterers, and piercers did not present a variety related to other traits, since they have to maintain a uniformity in conserved environments (Malacarne et al., 2024; Marques et al., 2021). Finally, no relationship was found between FFG and litterfall input, lending weight to the idea that in neotropical systems, macroinvertebrates play a secondary role in litterfall degradation processes, due to the organic matter main degraders of are micro-organisms such as bacteria and fungi that rapidly reduce litter and facilitate access to the resource for macroinvertebrates (Bojsen & Jacobsen, 2003; Colzani et al., 2013; Ferreira et al., 2016).

			Regarding the riparian quality index, the upper zone had a higher value in the QBR index as proof of its high degree of conservation, which suggests that the natural state of the stream corresponds to a water course surrounded by riparian forest composed largely of native vegetation such as Z. longifolia (an evergreen species that does not limit its leaf drop to a special time) (Vargas, 2015). These results correspond to our data—in the high coverage zone we recorded the highest values of vertical entry and drift of organic matter, both of which are variables influenced by the immediate riparian forest (Carvalho & Uieda, 2010; Zhang et al., 2019). In contrast, in the Lower Coverage zone, human influence (represented by structures such as viaducts and agricultural and urban dumping areas) consistently generated an increase in conductivity, dissolved solids, lower pH, and solar radiation, and corresponded to low values in the QBR index due to the effect of the almost complete disappearance of the riparian forest (Cooper et al., 2013; García-Velázquez & Gallardo, 2017; Ometo et al., 2000).

			In conclusion, we have found evidence of a relationship between riparian forest quality, leaf litter input, and macroinvertebrate diversity in the stream. This relationship is reflected in variations in solar radiation, TDS, and leaf litter vertical and drift inputs, which fluctuate according to riparian conservation status. Therefore, changes in macroinvertebrate composition and diversity can be evaluated based on disturbance levels. For example, the presence of P. acuta and Glossiphoniidae is associated with higher solar radiation and lower pH due to a lower riparian canopy and increased water waste. Meanwhile, P. magnus prefers closer riparian areas with higher leaf litter drift input and H. occisa closer riparian areas with higher TDS values. Similarly, we observed changes in macroinvertebrates functional diversity parameters for variations in the trait’s dimensionality (Head width, body length, and FFG), according to coverage sample site and physicochemical variables as TDS. For instance, Fric, FFG, and head width are traits associated with conserved riparian areas. For future studies, we recommend evaluating the presence of exotic vegetation in riparian habitats and analyzing the chemical and nutritional composition of leaf litter to better understand degradation processes and the role of macroinvertebrates.
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			Table 1

			List of functional traits considered for the present study, with their respective categories and codes.

			
				
					
					
					
				
				
					
							
							Functional trait

						
							
							Categories

						
							
							Code

						
					

					
							
							Head width (mm) or Shell width (mm)

						
							
							< 0.1

						
							
							A1

						
					

					
							
							0.10-0.5

						
							
							A2

						
					

					
							
							0.51-1.0

						
							
							A3

						
					

					
							
							1.01-1.5

						
							
							A4

						
					

					
							
							1.51-2.0

						
							
							A5

						
					

					
							
							2.01-2.5

						
							
							A6

						
					

					
							
							> 2.51

						
							
							A7

						
					

					
							
							Biomass (mg)

						
							
							< 0.1

						
							
							B1

						
					

					
							
							0.10-0.5

						
							
							B2

						
					

					
							
							0.51-1.0

						
							
							B3

						
					

					
							
							1.01-1.5

						
							
							B4

						
					

					
							
							1.51-2.0

						
							
							B5

						
					

					
							
							2.01-2.5

						
							
							B6

						
					

					
							
							> 2.51

						
							
							B7

						
					

					
							
							Functional Feeding Group (FFG)

						
							
							Collector-Filterer

						
							
							C-F

						
					

					
							
							Collector-Gatherer

						
							
							C-G

						
					

					
							
							Predator

						
							
							Pr

						
					

					
							
							Piercer

						
							
							Pi

						
					

					
							
							Scrapper

						
							
							Sc

						
					

					
							
							Detritivore

						
							
							Dt

						
					

					
							
							Shredder

						
							
							Sh

						
					

					
							
							Body length (mm) or shell length (mm)

						
							
							< 0.5

						
							
							L1

						
					

					
							
							0.51-1.5

						
							
							L2

						
					

					
							
							1.51-2.50

						
							
							L3

						
					

					
							
							2.51-3.5

						
							
							L4

						
					

					
							
							3.51-4.5

						
							
							L5

						
					

					
							
							4.51-5.5

						
							
							L6

						
					

					
							
							> 5.51

						
							
							L7

						
					

				
			

			FFGs were defined according to Tomanova et al. (2006).

		

		
			Table 2

			Mean and standard error of the environmental data present in each sampling zone and season in the La Avería stream.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							High Coverage

						
							
							Low Coverage

						
							
							Medium Coverage

						
							
							Dry

						
							
							Intermediate

						
							
							Rainy

						
					

					
							
							Solar Radiation (Wm-2)

						
							
							0.345 ± 0.078

						
							
							0.69 ± 0.162

						
							
							0.196 ± 0.087

						
							
							0.493 ± 0.146

						
							
							0.205 ± 0.048

						
							
							0.533 ± 0.143

						
					

					
							
							Environmental temperature (°C)

						
							
							24.46 ± 0.124

						
							
							24.46 ± 0.124

						
							
							24.46 ± 0.124

						
							
							24.202 ± 0.13

						
							
							24.472 ± 0.085

						
							
							24.707 ± 0.12

						
					

					
							
							Precipitation (mm)

						
							
							80.156 ± 10.979

						
							
							80.156 ± 10.979

						
							
							80.156 ± 10.979

						
							
							36.867 ± 4.296

						
							
							80.5 ± 6.003

						
							
							123.1 ± 9.403

						
					

					
							
							Water temperature (°C)

						
							
							23.341 ± 0.237

						
							
							23.489 ± 0.256

						
							
							21.674 ± 0.27

						
							
							22.511 ± 0.348

						
							
							22.633 ± 0.221

						
							
							23.359 ± 0.346

						
					

					
							
							Dissolved oxygen (mgl-1)

						
							
							8.324 ± 0.298

						
							
							7.93 ± 0.416

						
							
							13.819 ± 0.639

						
							
							10.565 ± 0.675

						
							
							10.296 ± 0.751

						
							
							9.211 ± 0.93

						
					

					
							
							Total dissolved Solids (mgl-1)

						
							
							62.963 ± 2.385

						
							
							62.167 ± 2.506

						
							
							49.185 ± 3.227

						
							
							65.315 ± 2.244

						
							
							56.667 ± 3.761

						
							
							52.333 ± 2.257

						
					

					
							
							Conductivity (μScm-1)

						
							
							125.963 ± 4.778

						
							
							142.815 ± 4.962

						
							
							96.13 ± 6.47

						
							
							129.963 ± 4.495

						
							
							112.463 ± 7.849

						
							
							104.481 ± 4.597

						
					

					
							
							pH

						
							
							7.854 ± 0.047

						
							
							7.364 ± 0.066

						
							
							7.847 ± 0.042

						
							
							7.621 ± 0.082

						
							
							7.842 ± 0.058

						
							
							7.601 ± 0.074

						
					

					
							
							Water flow (m3s-1)

						
							
							1.646 ± 0.563

						
							
							1.182 ± 0.282

						
							
							0.81 ± 0.132

						
							
							0.763 ± 0.147

						
							
							1.429 ± 0.204

						
							
							1.446 ± 0.595

						
					

					
							
							QBR Index

						
							
							95

						
							
							45

						
							
							68

						
							
							-

						
							
							-

						
							
							-

						
					

				
			

			Significant values (p-value < 0.05) are bold.
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			Fig. 1. Mean and standard deviation of organic matter inputs collected from traps across sampling areas and periods in La Avería stream. A. Drift. B. Lateral. C. Vertical. Drift and vertical inputs varied significantly by zone and season (Kruskal–Wallis, p < 0.05), while lateral inputs did not.

		

		
			Table 3

			Taxa records captured in the La Avería stream during the entire sampling period.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Phylum

						
							
							Class

						
							
							Order

						
							
							Family

						
							
							Taxa

						
							
							# Individuals 

						
							
							Code

						
					

				
				
					
							
							Phylum

						
							
							Class

						
							
							Order

						
							
							Family

						
							
							Taxa

						
							
							# Individuals 

						
							
							Code

						
					

					
							
							Annelida

						
							
							Clitellata

						
							
							Rhynchobdellida

						
							
							Glossiphoniidae

						
							
							Glossiphoniidae

						
							
							315

						
							
							Glss

						
					

					
							
							Arthropoda

						
							
							Insecta

						
							
							Coleoptera

						
							
							Dryopidae

						
							
							Dryops sp.

						
							
							1

						
							
							Dryp

						
					

					
							
							
							
							
							Elmidae

						
							
							Stenelmis sp.

						
							
							113

						
							
							Stnl

						
					

					
							
							
							
							
							Haliplidae

						
							
							Haliplus sp.

						
							
							1

						
							
							Hlpl

						
					

					
							
							
							
							
							Hydrophilidae

						
							
							Dactylosternum sp.

						
							
							3

						
							
							Dcty

						
					

					
							
							
							
							
							
							Hydrophilidae sp.

						
							
							1

						
							
							Hydr

						
					

					
							
							
							
							
							Staphylinidae

						
							
							Staphylinidae sp.

						
							
							1

						
							
							Stph

						
					

					
							
							
							
							Diptera

						
							
							Athericidae

						
							
							Dasyomma sp.

						
							
							1

						
							
							Dsym

						
					

					
							
							
							
							
							Ceratopogonidae

						
							
							Ceratopogonidae sp.

						
							
							3

						
							
							Crtp

						
					

					
							
							
							
							
							Chironomidae

						
							
							Chironomidae sp.

						
							
							224

						
							
							Chrn

						
					

					
							
							
							
							
							
							Chironomus sp.

						
							
							117

						
							
							Chrm

						
					

					
							
							
							
							
							
							Larsia sp.

						
							
							20

						
							
							Lrss

						
					

					
							
							
							
							
							
							Orthocladiinae sp.

						
							
							32

						
							
							Orth

						
					

					
							
							
							
							
							
							Pentaneura sp.

						
							
							255

						
							
							Pntn

						
					

					
							
							
							
							
							
							Phaenopsectra sp.

						
							
							27

						
							
							Phnp

						
					

					
							
							
							
							
							
							Polypedilum sp.

						
							
							84

						
							
							Plyp

						
					

					
							
							
							
							
							
							Tanytarsus sp.

						
							
							5

						
							
							Tnyt

						
					

					
							
							
							
							
							Simuliidae

						
							
							Simulium ignescens 

							(Roubaud, 1906)

						
							
							29

						
							
							Sign

						
					

					
							
							
							
							
							Tabanidae

						
							
							Tabanidae sp.

						
							
							1

						
							
							Tbnd

						
					

					
							
							
							
							Ephemeroptera

						
							
							Leptohyphidae

						
							
							Leptohyphodes sp.

						
							
							34

						
							
							Lpth

						
					

					
							
							
							
							
							
							Tricorythodes sp.

						
							
							82

						
							
							Trcr

						
					

					
							
							
							
							Hemiptera

						
							
							Naucoridae

						
							
							Limnocoris sp.

						
							
							7

						
							
							Lmnc

						
					

					
							
							
							
							Megaloptera

						
							
							Corydalidae

						
							
							Corydalus sp.

						
							
							3

						
							
							Cryd

						
					

					
							
							
							
							Odonata

						
							
							Calopterygidae

						
							
							Hetaerina occisa 

							(Hagen in Selys, 1853)

						
							
							16

						
							
							Hocc

						
					

					
							
							
							
							
							Coenagrionidae

						
							
							Argia sp.

						
							
							18

						
							
							Args

						
					

					
							
							
							
							
							Gomphidae

						
							
							Erpetogomphus sabaleticus (Williamson, 1918)

						
							
							5

						
							
							Esbl

						
					

					
							
							
							
							
							Libellulidae

						
							
							Erythrodiplax castanea 

							(Burmeister, 1839)

						
							
							12

						
							
							Ecst

						
					

					
							
							
							
							Plecoptera

						
							
							Perlidae

						
							
							Anacroneuria sp.

						
							
							3

						
							
							Ancn

						
					

					
							
							
							
							Trichoptera

						
							
							Calamoceratidae

						
							
							Phylloicus magnus (Banks, 1913)

						
							
							14

						
							
							Pmgn

						
					

					
							
							
							
							
							Helicopsychidae

						
							
							Helicopsyche vergelana (Ross, 1956)

						
							
							4

						
							
							Hvgl

						
					

					
							
							
							
							
							Hydropsychidae

						
							
							Leptonema sp.

						
							
							31

						
							
							Lptn

						
					

					
							
							
							
							
							Leptoceridae

						
							
							Nectopsyche gemma (Müller, 1880)

						
							
							120

						
							
							Ngmm

						
					

					
							
							
							
							
							Philopotamidae

						
							
							Chimarra sp.

						
							
							2

						
							
							Chmr

						
					

					
							
							
							
							
							Polycentropodidae

						
							
							Polycentropus joergenseni

							(Ulmer, 1909)

						
							
							2

						
							
							Pjrg

						
					

					
							
							
							Malacostraca

						
							
							Amphipoda

						
							
							Platyischnopidae

						
							
							Platyischnopidae sp.

						
							
							1

						
							
							Plty

						
					

					
							
							Mollusca

						
							
							Bivalvia

						
							
							Sphaeriida

						
							
							Sphaeriidae

						
							
							Eupera viridans (Prime, 1865)

						
							
							6

						
							
							Evrd

						
					

					
							
							
							Gastropoda

						
							
							
							Physidae

						
							
							Physa acuta (Draparnaud, 1805)

						
							
							275

						
							
							Pcta

						
					

					
							
							
							
							
							Planorbidae

						
							
							Biomphalaria straminea 

							(Dunker, 1848)

						
							
							31

						
							
							Bstr

						
					

					
							
							
							
							
							Thiaridae

						
							
							Melanoides tuberculata 

							(Müller, 1774)

						
							
							48

						
							
							Mtbc
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					Fig. 2. The abundance of macroinvertebrate taxa associated with leaf litter decomposition during sampling in La Averia stream. A. Coverage. B. Period. C. Litter species. In the graph, morphotypes with representation > 1 % of the total samples are shown. Species = Table 3.
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			Fig. 3. Mean and standard deviation values of Hill numbers diversity by zone, season, and litter species. Richness =0D, common species = 1D and dominant species = 2D. The Y axis is Diversity. Standard deviation values in 1D and 2D are lower than 0.05.

		

		
			Table 4

			Results of PERMANOVA models performed between treatments (Ln-transformed sampling zone, time, and leaf litter).

			
				
					
					
					
					
					
				
				
					
							
							Treatments

						
							
							d. f.

						
							
							Sum square (%)

						
							
							F-value

						
							
							p-value

						
					

					
							
							Diversity (Hill’s numbers)

						
					

					
							
							Coverage Sampling Zone

						
							
							1

						
							
							44.42

						
							
							2.673

						
							
							0.006

						
					

					
							
							Sampling Season

						
							
							1

						
							
							65.91

						
							
							3.966

						
							
							0.001

						
					

					
							
							Leaf Litter

						
							
							1

						
							
							14.85

						
							
							0.894

						
							
							0.532

						
					

					
							
							Sampling Coverage and Season

						
							
							1

						
							
							17.95

						
							
							1.080

						
							
							0.353

						
					

					
							
							Sampling Coverage and Leaf

						
							
							1

						
							
							12.77

						
							
							0.768

						
							
							0.705

						
					

					
							
							Sampling Season and Leaf

						
							
							1

						
							
							12.55

						
							
							0.755

						
							
							0.725

						
					

					
							
							Sampling Coverage, Season and Leaf

						
							
							1

						
							
							15.38

						
							
							0.925

						
							
							0.528

						
					

					
							
							Functional diversity

						
					

					
							
							Coverage Sampling Zone

						
							
							1

						
							
							65.09

						
							
							2.124

						
							
							0.049

						
					

					
							
							Sampling Season

						
							
							1

						
							
							304.88

						
							
							9.949

						
							
							0.001

						
					

					
							
							Leaf Litter

						
							
							1

						
							
							43.71

						
							
							1.426

						
							
							0.234

						
					

					
							
							Sampling Coverage and Season

						
							
							1

						
							
							50.12

						
							
							1.635

						
							
							0.176

						
					

					
							
							Sampling Coverage and Leaf

						
							
							1

						
							
							20.41

						
							
							0.666

						
							
							0.535

						
					

					
							
							Sampling Season and Leaf

						
							
							1

						
							
							11.71

						
							
							0.382

						
							
							0.827

						
					

					
							
							Sampling Coverage, Season and Leaf

						
							
							1

						
							
							8.69

						
							
							0.284

						
							
							0.928

						
					

				
			

			Significant values (p-value < 0.05) are bold. Diversity and FD parameters were tested on an individual basis.
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			Fig. 4. RDA of macroinvertebrates and the environmental data in La Averia stream. A. Composition and taxonomic diversity. B. Parameters of functional diversity. (Prep = Precipitation. LLVI = Leaf Litter Vertical Input. LLDI = Leaf Litter Drift Input. WF = Water Flow. QBR = QBR Index. TDS = Total dissolved solids. Sun = Solar radiation. 0D = Species Richness. 1D = common species. 2D = dominant species. AbuTo= total abundance. Traits Names= Table 1. Species names= Table 3. Feve = Functional Evenness. Fric = Functional Richness. Fdis = Functional Distance.
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			Fig. 5. Functional diversity components across sampling periods, defined for the macroinvertebrate assemblage. A. Coverage area. B. Leaf litter type. FD parameters were tested on an individual basis.

		

		
			Table 5

			Results of multiple linear regressions models performed between diversity, abundance values and functional diversity components with environmental variables (Ln-transformed data).

			
				
					
					
					
					
					
					
					
				
				
					
							
							Parameters

						
							
							Estimate

						
							
							Standard error

						
							
							t-value

						
							
							p-value

						
							
							R2

						
					

					
							
							Abundance Total

						
							
							Intercept

						
							
							-12.385

						
							
							15.720

						
							
							-0.788

						
							
							0.440

						
							
							0.585

						
					

					
							
							Solar Radiation

						
							
							3.342

						
							
							1.148

						
							
							2.911

						
							
							0.008

						
					

					
							
							Precipitation

						
							
							-1.128

						
							
							0.286

						
							
							-3.950

						
							
							0.001

						
					

					
							
							Leaf Litter Vertical Input

						
							
							0.288

						
							
							0.488

						
							
							0.590

						
							
							0.562

						
					

					
							
							Leaf Litter Drift Input

						
							
							-0.040

						
							
							0.201

						
							
							-0.200

						
							
							0.844

						
					

					
							
							Total Dissolved Solids

						
							
							2.336

						
							
							2.460

						
							
							0.950

						
							
							0.354

						
					

					
							
							QBR index

						
							
							1.731

						
							
							1.575

						
							
							1.099

						
							
							0.285

						
					

					
							
							0D

							(Richness)

						
							
							Intercept

						
							
							-7.666

						
							
							7.993

						
							
							-0.959

						
							
							0.348

						
							
							0.382

						
					

					
							
							Solar Radiation

						
							
							0.640

						
							
							0.534

						
							
							1.096

						
							
							0.285

						
					

					
							
							Precipitation

						
							
							-0.406

						
							
							0.145

						
							
							-2.798

						
							
							0.011

						
					

					
							
							Leaf Litter Vertical Input

						
							
							-0.052

						
							
							0.248

						
							
							-0.212

						
							
							0.835

						
					

					
							
							Leaf Litter Drift Input

						
							
							-0.077

						
							
							0.102

						
							
							-0.748

						
							
							0.463

						
					

					
							
							Total Dissolved Solids

						
							
							0.489

						
							
							0.235

						
							
							2.084

						
							
							0.042

						
					

					
							
							QBR index

						
							
							0.178

						
							
							0.112

						
							
							1.599

						
							
							0.126

						
					

					
							
							1D

							(Common Taxa)

						
							
							Intercept

						
							
							-7.088

						
							
							7.018

						
							
							-1.010

						
							
							0.324

						
							
							0.432

						
					

					
							
							Solar Radiation

						
							
							-0.058

						
							
							0.513

						
							
							-0.113

						
							
							0.911

						
					

					
							
							Precipitation

						
							
							-0.171

						
							
							0.128

						
							
							-1.344

						
							
							0.003

						
					

					
							
							Leaf Litter Vertical Input

						
							
							-0.267

						
							
							0.218

						
							
							-1.224

						
							
							0.234

						
					

					
							
							Leaf Litter Drift Input

						
							
							-0.101

						
							
							0.090

						
							
							-1.117

						
							
							0.276

						
					

					
							
							Total Dissolved Solids

						
							
							0.250 

						
							
							0.149

						
							
							1.674

						
							
							0.111

						
					

					
							
							QBR index

						
							
							0.078

						
							
							0.071

						
							
							1.107

						
							
							0.282

						
					

					
							
							2D

							(Dominant Taxa)

						
							
							Intercept

						
							
							3.088

						
							
							3.882

						
							
							0.796

						
							
							0.435

						
							
							0.364

						
					

					
							
							pH

						
							
							-1.416

						
							
							1.755

						
							
							-0.807

						
							
							0.429

						
					

					
							
							Solar Radiation

						
							
							0.057

						
							
							0.284

						
							
							0.202

						
							
							0.842

						
					

					
							
							Precipitation

						
							
							0.091

						
							
							0.071

						
							
							1.285

						
							
							0.213

						
					

					
							
							Leaf Litter Vertical Input

						
							
							0.051

						
							
							0.120

						
							
							0.419

						
							
							0.679

						
					

					
							
							Leaf Litter Drift Input

						
							
							0.048

						
							
							0.050

						
							
							0.971

						
							
							0.343

						
					

					
							
							Total Dissolved Solids

						
							
							-0.068

						
							
							0.028

						
							
							-2.376

						
							
							0.028

						
					

					
							
							QBR index

						
							
							-0.024 

						
							
							0.014 

						
							
							-1.787 

						
							
							0.010

						
					

					
							
							Functional Evenness

							(Feve)

						
							
							Intercept

						
							
							0.686

						
							
							1.152

						
							
							0.595

						
							
							0.557

						
							
							0.019

						
					

					
							
							pH

						
							
							-0.029

						
							
							0.144

						
							
							-0.199

						
							
							0.844

						
					

					
							
							Solar Radiation

						
							
							-0.064

						
							
							0.138

						
							
							-0.496

						
							
							0.645

						
					

					
							
							Precipitation

						
							
							0.003

						
							
							0.001

						
							
							2.167

						
							
							0.419

						
					

					
							
							Total Dissolved Solids

						
							
							0.018

						
							
							0.008

						
							
							2.161

						
							
							0.042

						
					

					
							
							QBR index

						
							
							0.006

						
							
							0.003

						
							
							1.832

						
							
							0.081

						
					

					
							
							Functional Richness

							(Fric)

						
							
							Intercept

						
							
							-7.916

						
							
							12.564

						
							
							-0.630

						
							
							0.535

						
							
							0.414

						
					

					
							
							pH

						
							
							1.568

						
							
							1.570

						
							
							0.999

						
							
							0.324

						
					

					
							
							Solar Radiation

						
							
							0.607

						
							
							1.501

						
							
							0.405

						
							
							0.689

						
					

					
							
							Precipitation

						
							
							-0.015

						
							
							0.007

						
							
							-2.186

						
							
							0.039

						
					

					
							
							Total Dissolved Solids

						
							
							0.18749

						
							
							0.092

						
							
							2.042

						
							
							0.043

						
					

					
							
							QBR index

						
							
							0.06062 

						
							
							0.037

						
							
							1.658

						
							
							0.112

						
					

					
							
							Functional Distance

							(Fdis)

						
							
							Intercept

						
							
							1.574

						
							
							1.909

						
							
							0.825

						
							
							0.418

						
							
							0.179

						
					

					
							
							pH

						
							
							0.029

						
							
							0.238

						
							
							0.124

						
							
							0.902

						
					

					
							
							Solar Radiation

						
							
							-0.225

						
							
							0.228

						
							
							-0.987

						
							
							0.334

						
					

					
							
							Precipitation

						
							
							-0.001

						
							
							0.001

						
							
							-1.223

						
							
							0.234

						
					

					
							
							Total Dissolved Solids

						
							
							0.017

						
							
							0.014

						
							
							1.196

						
							
							0.245

						
					

					
							
							QBR index

						
							
							0.009

						
							
							0.006

						
							
							1.640

						
							
							0.116

						
					

				
			

			Significant values (p-value < 0.05) are bold.
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ABSTRACT
Introduction: Lotic systems exhibit characteristics defined by their interactions with the surrounding areas.
Riparian forests and water flow are fundamental elements for the maintenance of macroinvertebrate diversity.
Therefore, it is essential for preservation of these functions, especially in threatened environments such as dry
tropical forests.
Objective: To evaluate the relationship between riparian forest quality, water physicochemical variables, and the
taxonomic and functional diversity of macroinvertebrates associated with leaf litter.
Methods: In a stream draining tropical dry forest, we sampled macroinvertebrate communities wsing leaf traps,
in sites with different conditions of riparian forest, along with leaf litter inputs for each site, during a year. We
performed PERMANOVA to compare treatments and factors, and used Multiple Linear Regression Model and
Redundancy Analysis to associate environmental variables with changes in taxonomic and functional diversity.
Results: Conserved riparian forests have an effect on functionality, positively related to higher functional rich-
ness and traits like functional feeding group variety and bigger head width. Meanwhile, functional distance and
functional evenness are not related to Qualitat del Bosc de Ribera index (QBR) in the stream. Also, changes in
Vertical and drifting leaf ltter input, coupled with increased total dissolved solids due to runoft, alter stream con-
ditions sufficiently to generate community changes and decreases in abundance, correlated with areas of lower
QBR therefore less tree canopy cover and higher solar radiation.
Conclusions: We found that riparian forest quality and environmental variables like total dissolved solids and
solar radiation influence the taxonomic and functional diversity of macroinvertebrates.

Key words: functional richness; functional distance; QBR index; leaf ltter packs; riparian areas.

RESUMEN
Cambios taxonémicos y funcionales de los macroinvertebrados en arroyos asociados
ala cobertura ribereiia de bosques secos tropicales

Introduccién: Los sistemas loticos presentan caracteristicas definidas por sus interacciones con las dreas circun-
dantes. £l bosque ripario y el flujo de agua son elementos fundamentales para el mantenimiento de la diversidad





