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Pollution in freshwater ecosystems degrades water quality and alters 
macroinvertebrate assemblages, affecting their value as a food resource. In 
agricultural basins such as Chile’s Maipo River, channelization is an additional 
disturbance. Using stable isotopes (δ¹⁵N and δ¹³C), this study evaluated how 
pollution and watercourse influence the quantity and quality of food available 
for the fish Basilichthys microlepidotus. Macroinvertebrate richness, abundance, 
and nutritional value were measured, as well as stomach content, alimentary 
preferences, isotopic signals, and the fish’s trophic position. We analyzed three 
polluted and one non-polluted site (two natural and two artificial). Polluted sites 
exhibited lower macroinvertebrate diversity and lower caloric and lipid content. 
Channels showed reduced food quality but a more diverse distribution than natural 
channels. However, pollution and watercourse did not affect the body condition 
of the fish, detecting a preference for Physidae gastropods. Elevated δ¹⁵N values 
and variable δ¹³C signals in polluted areas indicate dietary shifts, though trophic 
position remained stable. Overall, human impacts influence prey quality and 
composition, being vital to consider them in freshwater ecosystem management.
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La contaminación en ecosistemas de agua dulce degrada la calidad del agua y 
altera las comunidades de macroinvertebrados, afectando su valor como recurso 
alimentario. En cuencas agrícolas, como el río Maipo en Chile, la canalización es 
una perturbación adicional. Mediante isótopos estables (δ¹5N y δ¹³C), este estudio 
evaluó cómo la contaminación y el curso de agua influyen en la cantidad y 
calidad del alimento disponible para el pez Basilichthys microlepidotus. Se midieron 
riqueza, abundancia y valor nutricional de los macroinvertebrados, contenido 
estomacal, preferencias alimentarias, las señales isotópicas y posición trófica del 
pez. Se analizaron tres sitios contaminados y uno no contaminado (dos naturales 
y dos artificiales). Los sitios contaminados presentaron menor diversidad de 
macroinvertebrados y menor contenido calórico y lipídico. Los canales mostraron 
menor calidad del alimento, pero una distribución más diversa que los cauces 
naturales. Sin embargo, contaminación y curso de agua no afectaron la condición 
corporal de los peces detectándose selección alimentaria por gastrópodos Physidae. 
Altos valores de δ¹⁵N y señales variables de δ¹³C en áreas contaminadas indican 
cambios dietarios, aunque la posición trófica se mantuvo estable. En conjunto, los 
impactos antrópicos influyen en la calidad y composición de presas, siendo vital 
considerarlos en la gestión de los ecosistemas dulceacuícolas.

Palabras claves: Canalización, Contaminación del agua, Dieta del pez, 
Invertebrados bentónicos, Isotopos estables.

INTRODUCTION

Aquatic ecosystems are among the most impacted in the world, with pollution being one 
of the main causes of water quality degradation (World Water Assessment Programme, 
2017). Pollution negatively affects freshwater biota by increasing mortality, decreasing 
fertility, and changing the structure and function of the community (Cooper, 1993; 
Smith et al., 1999). Pollution stands as one of the most pervasive threats to freshwater 
biodiversity. Among threatened freshwater species, 54% are affected by pollution, 
making it the most prevalent single threat. Pollution originates from multiple sources, 
with agricultural and forestry effluents affecting 45% of threatened fish species, 
domestic and urban wastewaters impacting 29–33%, and industrial and military 
effluents affecting 21% (Sayer et al., 2025).

In freshwater ecosystems, macroinvertebrates play a fundamental role in the trophic 
structure (Fu et al., 2016). Macroinvertebrates are key to the recycling of organic matter 
and the transfer of energy from organic matter and primary producers to organisms at 
higher trophic levels, such as fishes (Philips, 2004; Fu et al., 2016). The diversity and 
abundance of macroinvertebrates in an ecosystem can be influenced by a variety of 
environmental factors, such as habitat characteristics (Fierro et al., 2015), water quality 
(Figueroa et al., 2003), and seasonality (Tupinambás et al., 2007), as well as biological 
factors like competition and predation (Kohler, 1992). Low-altered rivers typically 
host more sensitive taxa, like Ephemeroptera, Megaloptera, Plecoptera, Odonata, and 
Trichoptera, that usually require well-oxygenated, flowing waters (Simaika, Samways, 
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2011). In contrast, polluted rivers show a shift in macroinvertebrate communities, 
with sensitive species declining and more tolerant taxa, such as nematodes, annelids, 
gastropods, and chironomids larvae, increasing (Theodoropoulos et al., 2015; Fierro et 
al., 2017).

Shifts in macroinvertebrate diversity in response to pollution can affect organisms 
at higher trophic levels; for example, Scharnweber et al. (2024) observed that benthic 
macroinvertebrate abundance was significantly reduced at sites contaminated with iron 
oxides from mining in the Spree River, Germany. These authors found that the abundance 
and condition of the native piscivorous pike (Esox lucius) were significantly lower at 
polluted sites compared to remediated sites, suggesting reduced food availability due to 
macroinvertebrate depletion. Moreover, it has been suggested that pollution can reduce 
the quality of macroinvertebrates as food. A study by Kokotović et al. (2024) detected 
lower total lipid content in caddisflies and mayfly exposed to increased temperature 
and wastewater. Additionally, some studies show that certain pollutants can cause an 
increase in lipid peroxidation, such as in mollusks exposed to heavy metals (Belcheva et 
al., 2015) and crustaceans exposed to dissolved organic matter (Timofeyev et al., 2006).

Pollution can also modify the trophic structure of freshwater ecosystems (Fry, 2008). 
As a complement to stomach contents analyses, which has been widely used to study 
the trophic ecology of the organism, (Tripp-Valdez, Arreguin-Sanchez, 2009) stable 
isotope analyses has been proposed as a useful tool providing information about nutrient 
sources, and how these nutrients are transferred through food chains (Steffy, Kilham, 
2004; Brito et al., 2006; Smucker et al., 2018). Land use around rivers and sewage 
pollution are another key factor in the isotopic load of the environment and the food 
web of an ecosystem (Lee et al., 2018; Rau et al., 1981). In addition to environmental 
load and diet, nutritional stress (starvation) can also enrich the tissues of organisms in 
15N (Hertz et al., 2015). 

Central Chile’s rivers and lakes face intense anthropogenic pressure (Habit et al., 
2024), with the Maipo River heavily affected by urban and agricultural pollution, 
irrigation, and recreation (DGA, 2004). Agricultural activity in central Chile consumes 
high volumes of water, making water channelization for irrigation a common practice 
(Habit et al., 2005). This creates strong environmental disturbances for most of the 
riverine fish (Redding, Midlen, 1992) altering fish assemblages (Travnichek, Maceina, 
1994). Nonetheless, Habit et al. (2005) observed that irrigation channels can serve as 
temporary habitats, notably for Trichomycterus areolatus which completes its life cycle 
there. This success may stem from similar macroinvertebrate availability between the 
irrigation channels and the main river course. Koetsier, McCauley (2015) reported that 
the macroinvertebrate community in the channel did follow community assembly 
patterns of small streams reported in the literature, and it also was similar to the 
community of a nearby natural stream. However, the study of the macroinvertebrate 
availability and its quality between the irrigation channels and the main river course 
continues to be little studied.

In the Maipo River, Basilichthys microlepidotus (Jenyns, 1841) has declined notably 
(Muñoz Donoso, 2007). Distributed between 28°–39° S, it feeds on insect larvae and 
small macroinvertebrates (Véliz et al., 2012) reproducing from August to January 
(Comte, Vila, 1992). Microsatellite data revealed five genetically distinct populations 
in the river, with two in polluted and three in less-polluted areas, inhabiting both main 
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natural channels (central) and artificial irrigation channels (channel) (Vega-Retter et 
al., 2014). Moreover, Vega-Retter et al. (2018) performed gene expression analyses 
and found differences in genes related to gluconeogenesis and proteolysis between 
individuals from polluted and less-polluted sites, suggesting possible starvation due to 
reduced food quality or availability. Therefore, this study aimed to assess the effects of 
pollution and watercourse type (central and channel) on the food resources relevant 
for B. microlepidotus by assessing the richness and abundance of the macroinvertebrate 
community and the quality of macroinvertebrates as a food source (in terms of energy 
value and lipid content). We also evaluate the stomach content, the stable isotope of 
nitrogen (δ¹⁵N) and carbon (δ¹3C) and trophic position of B. microlepidotus across different 
study sites in the Maipo River. We hypothesize that pollution and water channelization 
affect negatively the availability and quality of food resources (macroinvertebrates), 
with effects in the diet, body condition and trophic position of B. microlepidotus.

MATERIAL AND METHODS

Sampling sites and physicochemical characterization. Four sites within the Maipo 
River basin that contain genetically independent populations of the silverside Basilichthys 
microlepidotus were analyzed. The Maipo river runs from the Andean mountains to the 
Pacif ocean. Due to the high-altitude origin of the Maipo river streams (around 4,500 
m a.s.l.) and the river’s short extension (100 km), the sampling sites generally contained 
rocky sediment (Vila et al., 2006; Farías et al., 2008). San Francisco de Mostazal (SFM), 
present less population (around 13,000 inhabitants), no industries in the main city, and 
in general far less industries and other economic activities if compared to other studied 
sites. On the contrary Pelvin (PEL) site is in the Peñaflor municipality (around 90,000 
inhabitants) and it is downstream of Santiago city, the capital of Chile, and near to the 
Mapocho river which receive the wastewater discharges of treatment plants. In this 
same line, Melipilla (MEL) is placed near Melipilla city (around 150,000 inhabitants), 
which presents higher extraction of aggregate (mining sand, gravel, and crushed stone 
from natural sources) and agricultural activities and is also downstream from Santiago 
city. Near both sites, MEL and PEL, the presence of polycyclic aromatic hydrocarbons 
(PAHs) and organic and nano pollutants have been recorded (Wilkinson et al., 2022; 
Soriano et al., 2024). In the case of Isla de Maipo (IM) it is placed in Isla de Maipo 
municipality (around 36,000 inhabitants) which is characterized by a higher number 
of agricultural activities. 

The physicochemical properties of these sites were previously characterized using 
principal component analysis and the “British Columbia Water Quality” index by 
Vega-Retter et al. (2014) but were analyzed again through resampling in 2016, the 
same year and season that the present study was conducted and a clear separation of the 
non-polluted site (SFM) from the polluted sites (MEL, IM, PEL) is observed. Moreover, 
a segregation of MEL from the other two polluted sites is also detected, indicating that 
the pollution profile is not the same in all the study sites (Cortés-Miranda et al., 2024). 
Additionally, Cortés-Miranda et al. (2024) analyzed stored physical and chemical data 
from 2007 to 2016, demonstrating that the sampling sites showed a consistent pollution 
profile, with the MEL, PEL, and IM sites being more polluted, and the San Francisco 
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de Mostazal (SFM) site less polluted. We have provided the water quality variables 
recorded in Tab. S1, but for a more detailed analysis check Cortés-Miranda et al. (2024). 

Taking into consideration all the available information, we classified the SFM site 
as less polluted (non-polluted here for simplicity), and the MEL, IM, and PEL sites as 
polluted (Fig. 1). Additionally, we classified the sites according to watercourse type as 
either central-channel sites (MEL and SFM) or channel sites (IM and PEL). The MEL 
site, a central-channel site, exhibits a concrete structure modifying part of the riverbed. 
At SFM, the other central-channel site, the only evident anthropogenic activity are roads 
that cross the river. Among the channel sites, only PEL has a barrier to regulate flow, 
whereas IM is an irrigation channel used for crop production in the surrounding area. 
All sites have riparian vegetation, except for MEL. We were unable to sample a non-
polluted channel; although IM was previously considered non-polluted, its physical and 
chemical characteristics changed in 2016, showing a profile consistent with a polluted 
site (Cortés-Miranda et al., 2024). 

FIGURE 1 | Map of the sampling sites in the Maipo river basin; the polluted sites are shown in orange, and the non-polluted site is shown in 

blue, according to previous characterizations. Melipilla (MEL); Pelvin (PEL); Isla de Maipo (IM); San Francisco de Mostazal (SFM). Urban areas 

are shown in gray and agricultural areas are shown in green.
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Collection of macroinvertebrates and fish samples. During the spring of 
2016, between October and December, the four sampling sites were visited to 
collect macroinvertebrate and silverside (Basilichthys microlepidotus) samples. Fifteen 
macroinvertebrates samples were collected per site using a 30 × 30 cm Surber net with 
a 250 micron mesh filter, ensuring that all organisms adhered to rocks were carefully 
removed. Of these 15 samples, five were preserved in 95% ethanol to obtain community 
indices. The remaining 10 samples were stored in water and transported in a cooler to 
the laboratory where they were frozen until analysis: five were used to determine the 
lipid percentage and caloric content of the macroinvertebrates, while gastropods were 
extracted from the other five samples and analyzed for 15N isotopic content to be used 
as a baseline for trophic position calculations.

Fish were collected using a portable electric fishing device (Samus, 15 volts). Only 
adult fish measuring approximately 10 cm in standard length were targeted and 
transported to the laboratory; six fish were captured per site, for a total of 24 fish. A 
small piece of dorsal muscle tissue (weighing between 0.07 and 0.3 g wet weight) was 
dissected from each individual to measure the stable isotope 15N and ¹3C signal. From 
these specimens many parts were used for diverse analyses (liver, gills, muscle, digestive 
tract, fin, etc.) so there was no material left to be deposited in the museum, and the 
biological remains were discarded according to the approved protocols and those of the 
faculty. However, individuals of the same species and collected in the same basin of this 
study are available in the Ichthyological Collection of Museo Natural de Historia de 
Chile, Santiago (vouchers: MNHNCP 7373, 7372, and 7374).

Macroinvertebrate community indices. To determine the abundance and richness 
of the sampled macroinvertebrates in the environment and the stomach content, species 
identification and manual counting of individuals per species were conducted using 
a stereoscopic microscope (NIKON model SMZ-645). The species identification was 
performed following the dichotomous keys for benthic macroinvertebrates developed 
by Palma (2013). In this study, most of the macroinvertebrate organisms were identified 
to the family level. Using data on macroinvertebrate richness and abundance at each site, 
the following community indices were calculated: i) taxon richness, which accounts for 
the number of taxonomic groups detected, ii) total abundance, representing the number 
of individuals within each detected taxonomic group, iii) Shannon–Weaver diversity 
index (Shannon, Weaver, 1949), which incorporates the abundance of individuals per 
taxonomic group, iv) evenness index, which measures the uniformity of individuals’ 
distribution across the detected taxa (Pielou, 1966) and v) dominance index, which 
assesses the degree of representativeness of taxa within the community (Simpson, 1949). 
These indices were calculated using the software PAST v. 3.13 (Hammer et al., 2001).

Macroinvertebrates caloric and lipid content. Macroinvertebrates were dried 
in an oven at 60°C for approximately 24 h. Each zoobenthos sample was weighed 
both before and after drying. The energy content of the dried samples was determined 
using a Parr 1261 bomb calorimeter, with sample sizes ranging from 0.04 to 0.3 g 
of dried zoobenthos. For lipid content determination, the Soxhlet lipid extraction 
technique (Soxhlet, 1879) was employed, using methyl-tert-butyl ether as the solvent 
for approximately 2 h. After lipid extraction, the samples were dried and reweighed, 
and the lipid percentage was calculated gravimetrically. Additionally, we performed a 
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spearman correlation in R software (R Development Core Team, 2024) between the 
average lipid percentage and the average macroinvertebrates caloric content and the 
average SMI body condition index for each population.

Silverside body condition index. We calculated the scaled mass index (SMI) (Peig, 
Green, 2009) of all silverside populations using the eviscerated weight and the total 
length of each individual. The analysis was performed in R using a custom script (R 
Development Core Team, 2024).

Alimentary preference of B. microlepidotus. Using the stomach content data, 
the Manly’s alpha food selectivity index (Krebs, 2014) was calculated, which allows 
determining whether there is a preference for a particular food item by relating the 
proportion of each item in the stomach to that in the environment. After calculating 
Manly’s alpha index, it was standardized using Chesson’s equation (Krebs, 2014). 
Chesson’s index provides values ranging from +1 to -1, where positive values close 
to 1 indicate preference for a food item, negative values close to -1 indicate rejection, 
and values near 0 indicate that the item is consumed according to its environmental 
availability (Krebs, 2014).

Stable isotope δ¹⁵N and δ¹3C signal and trophic position of B. microlepidotus. 
To assess differences in the stable isotope δ¹⁵N and δ¹3C signal and the trophic position 
of B. microlepidotus between the non-polluted site, the polluted sites, and the different 
channel types, the stable isotope δ¹⁵N and δ¹3C signal was analyzed in the muscles of fish 
and in gastropods (genera Physa and Littoridina) from each site. The gastropods were 
used as a baseline reference.

Muscle tissue samples from each silverside and the gastropods were dried in an oven 
at 60°C for approximately 24 h and then weighed. Once dried, both the silverside 
muscle samples, and the gastropods were defatted using the Soxhlet method to remove 
the isotopic signal of ¹³C present in the carbon chains of lipids. All samples were sent 
to the Laboratory of Biogeochemistry and Applied Stable Isotopes (LABOSI) at the 
Pontificia Universidad Católica de Chile, where an Isotope Ratio Mass Spectrometer 
(IRMS, Thermo Delta Advantage) coupled to a Flash EA2000 Elemental Analyzer was 
used to assess the 15N and ¹3C isotopic content of each sample. The standards used were 
acetanilide, atropine, caffeine, high organic sediment, and glutamic acid. 

The silverside trophic position was estimated using the tRophicPosition package 
(Quezada-Romegialli et al., 2018) and an average enrichment per trophic level of 3.4‰ 
(Minagawa, Wada, 1984; Post, 2002). Trophic enrichment factors for δ¹⁵N in fish 
typically range from 2.5‰ to 4.3‰ depending on feeding ecology, with omnivorous 
species averaging 3.4‰ which could be the case for B. microlepidotus (Stephens et al., 2023; 
Letourneur et al., 2024). According to Post (2002) snails represent a suitable baseline for 
quantifying the trophic position of secondary organisms in aquatic ecosystems and Lake 
et al. (2019) showed that the use of different organisms as baseline, including gastropods 
do not affect the trophic position estimation. Moreover, it has been stated that it is useful 
to consider site specific baseline to account for spatial variability when stable isotopes 
analysis is performed in degraded environments (Braun et al., 2018; Qiu et al., 2023). 
Taking this into consideration Physa sp. And Littoridina sp. were used as baseline, since 
they present an isotopic signature similar to that of the primary producers (periphyton 
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and detritus). Therefore, based on Post (2002) the baseline trophic-position value in our 
study was considered equal to 2. The analysis was run using 10,000 iterations, 10,000 
adaptive iterations, 5 parallel chains and a burning of 10,000. We also statistically tested 
the trophic position estimates considering condition and watercourse type using the 
pairwiseComparison function implemented in tRophicPosition package.

Statistical analysis. To assess the richness and abundance and to detect differences or 
overlaps in the composition of the macroinvertebrate community between conditions and 
sites, a non-metric multidimensional scaling analysis (NMDS) was performed using the 
relative abundance of each taxa at family level in the environmental data and the stomach 
content of silverside. Stress analysis was used to validate the data representation through 
dimensionality reduction. Additionally, a PERMANOVA analysis was performed to 
test statistical differences in environmental and stomach content data in R software 
(R Development Core Team, 2024). A contrast-based ANOVA was used to compare 
total abundance and community indices in both environmental and stomach content, 
caloric and lipid content, δ¹⁵N signals for silverside and snails, and body condition, 
grouped by watercourse type (central-channel vs. channel) and pollution level (polluted 
vs. non-polluted). Analyses were performed using the “multcomp” package in R (R 
Development Core Team, 2024). Residual normality was tested with the Shapiro-Wilk 
test in R, showing no significant deviations except for the macroinvertebrate dominance 
index in the environment, which was log-transformed. Homoscedasticity was assessed 
using the Fligner-Killeen test, with no significant variance differences detected.

RESULTS

Macroinvertebrate community and stomach content indices. A total of 17 
macroinvertebrate families belonging to 11 orders and six classes (Tab. S2) were 
found in the four sampling sites. The classes Insecta and Gastropoda were the most 
abundant, with 60.52% and 26.47% of the total abundance, respectively. When 
sites were grouped according to their condition (polluted vs. non-polluted), Insecta 
represented approximately 60% of the abundance in the polluted sites (IM, MEL, and 
PEL), and Gastropoda approximately 30%. In the non-polluted site (SFM), Insecta 
represented approximately 84% of the total abundance, followed by individuals of the 
phylum Nematoda, which represented approximately 14% of the total abundance. 
When sampling sites were grouped by watercourse type, Gastropoda accounted for 
approximately 59.2% of the abundance of macroinvertebrates in channel-type sites 
(IM and PEL), followed by Insecta, with 25.5% of the total density. However, in 
central site types (SFM and MEL), Insecta accounted for 86.5% of the abundance of 
macroinvertebrates in these sites.

The NMDS analysis of the relative abundance and diversity of macroinvertebrate 
families in the environment showed site segregation along the first axis, separating 
the central-channel-type sites (SFM and MEL) from the channel-type sites (IM and 
PEL). The sites could not be clearly differentiated based on their pollution status (Fig. 
2A). The results indicated that the families Chironomidae, Athericidae, and Physidae 
were predominantly represented in central-channel-type sites; in contrast, the families 
Hydroptilidae and Hydrobiidae were mainly represented in channel-type sites. The 
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NMDS graph indicates that channel type appears to be an important environmental 
factor influencing the diversity and relative abundance of benthic macroinvertebrates 
taxa present at each site, with sites of the same channel type showing similar diversity 
and abundance. The stress analysis showed a value of 0.031 (<0.1) validating the results 
obtained. Nevertheless, the PERMANOVA analysis showed a statistically significant 
difference for both factors (Pollution condition: p < 0.05; Watercourse type: p < 0.001), 
pointing out that pollution could have some impact on macroinvertebrate diversity and 
abundance, but not as strong as the watercourse type factor.

The NMDS analysis of the relative abundance and diversity of macroinvertebrate 
families in the stomach content showed an overlap between central-channel-type 
sites and channel-type sites, but channel-type sites present a broader amplitude than 
the central-channel-type sites (Fig. 2B). Regarding the pollution condition factor 
an overlap is also observed. The stress analysis produced a value of 0.099 and the 
PERMANOVA analysis only showed statistical differences when the watercourse type 
factor is considered (p < 0.05), and no differences were found when pollution condition 
factor was considered (p = 0.25). 

The ANOVA results for the environmental community indices showed that 
watercourse type and pollution had no effect on the variables of total abundance (pollution 
factor: F = 0.172, p = 0.866; watercourse type factor: F = -0.953, p = 0.355) (Tab. 1) and 
dominance index (pollution factor: F = 1.552, p = 0.140; watercourse type factor: F = 
-1.483, p = 0.158). This indicates that the abundance of the environmental food supply 
for the silverside did not show differences across the study sites. Additionally, the sites 
presented a dominance index value close to 0.5 (Tab. 1), indicating an intermediate level 
of dominance of macroinvertebrate taxa in the environment. However, the ANOVA 
revealed a significant effect of pollution on the Shannon index (F = 3.806; p = 0.00155) 
and taxon richness (F = 2.384; p = 0.0298) (Figs. 3A, C). In both cases, the non-polluted 

FIGURE 2 | Non-metric multidimensional scaling of macroinvertebrates’ relative abundance. Environmental data (stress value of 0.035) (A) 

and stomach content (stress value of 0.099) (B). The macroinvertebrate families are shown along with the phylum Nematoda and the class 

Oligochaeta.
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TABLE 1 | Diversity indices for each sampling site. The sites’ classification according to condition and 

watercourse type is shown. Mean and standard deviation (±) of all the replicates per site are shown.

Condition Non-polluted Polluted Polluted Polluted

Watercourse Central Channel Central Channel

Site SFM IM MEL PEL

Abundance 303.8 ± 94.14 213.8 ± 127.42 311.6 ± 108.93 243.8 ± 125.27

Taxa Richness 7 ± 1.41 5.4 ± 1.14 5.2 ± 1.10 6.2 ± 1.10

Shannon index 1.18 ± 0.18 1.05 ± 0.09 0.82 ± 0.21 1.34 ± 0.08

Dominance index 0.44 ± 0.07 0.46 ± 0.07 0.60 ± 0.12 0.33 ± 0.04

Evenness index 0.47 ± 0.04 0.55 ± 0.11 0.46 ± 0.12 0.63 ± 0.10

FIGURE 3 | Boxplots of diversity indices compared across polluted and non-polluted sites in environmental data: A. Shannon-Weaver, B. 

Evenness index, and C. Taxon richness. Boxplots of diversity indices compared across watercourse types in environmental data: D. Shannon-

Weaver, E. Evenness index, and F. Taxon richness. *Indicate significant differences.
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site (SFM) exhibited a significantly higher Shannon index and taxon richness compared 
to the more-polluted sites in the Maipo basin. For the watercourse type, the ANOVA 
revealed a significant effect of this variable on the evenness index (F = 2.740; p = 0.0145) 
and Shannon index (F = 5.466; p < 0.0001) (Figs. 3D, F). In both cases, the channel-type 
sites showed significantly higher evenness and Shannon index values compared to the 
central-channel-type sites.

Regarding the stomach content the ANOVA showed that the watercourse type 
and pollution had no effect on taxa richness variable (pollution factor: F = -0.341, p = 
0.737; watercourse type factor: F = 0.682, p = 0.503) but it does affect the abundance 
variable (pollution factor: F = -2.382, p = 0.027; watercourse type factor: F = -3.655, p 
= 0.001), with non-polluted and central-channel-type sites showing more abundance 
than polluted and channel-type sites (Figs. 4A, E). Pollution factor had no effect on 
Shannon index (F = 0.738, p = 0.4692), dominance index (F = -0.588, p = 0.5631) and 
evenness index (F = 1.629, p = 0.119) (Figs. 4B–D) contrary to what was observed 
in the watercourse type factor, which does show an effect on these indices (Shannon 
index, F = 2.428, p = 0.0248; dominance index, F = -2.102; p = 0.0484; evenness index, 
F = 2.803; p = 0.011) (Figs. 4F–H). This means that pollution does not affect what 

FIGURE 4 | Boxplots of diversity indices compared across polluted and non-polluted sites in stomach content: A. Abundance, B. Shannon-

Weaver, C. Dominance index, and D. Evenness index. Boxplots of diversity indices compared across watercourse types in stomach content: E. 

Abundance, F. Shannon-Weaver, G. Dominance index, and H. Evenness index.
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silverside consumes but macroinvertebrates abundance consumed is affected. In the case 
of watercourse type factor differences in abundance and diversity of what is consumed 
are detected, with channel-type sites showing higher values of Shannon index and 
evenness index, but lower values of dominance index.

Macroinvertebrates caloric and lipid content. Regarding the quality of 
macroinvertebrates as a food source, the ANOVA by contrast showed a significant effect 
of pollution (F = 2.873; p = 0.011) and watercourse type (F = -7.023; p < 0.0001) on the 
caloric content of macroinvertebrates. In this analysis, the non-polluted site exhibited 
higher macroinvertebrate caloric content (Fig. 5A). Moreover, the central-channel sites 
showed higher macroinvertebrate caloric content compared to that of channel-type sites 
(Fig. 5B). Additionally, the ANOVA by contrast revealed the near-significant effect of 
pollution (F = 2.050; p = 0.05962) (Fig. 5C) and the significant effect of watercourse 
type (F = -4.865; p = 0.00025) on the macroinvertebrate lipid percentage. The central-
channel sites exhibited a higher macroinvertebrate lipid percentage compared to that of 
channel-type sites (Fig. 5D).

FIGURE 5 | Boxplots of caloric content and lipid percentage of macroinvertebrates: A. Caloric content of macroinvertebrates in polluted and 

non-polluted sites, B. Caloric content of macroinvertebrates in channel-type and central channels, C. Lipid percentage of macroinvertebrates 

in polluted and non-polluted sites, and D. Lipid percentage of macroinvertebrates in channel-type and central channels. *Indicate significant 

differences.
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Silverside SMI body condition factor. The scaled mass index showed similar 
values among populations (SFM: mean = 5.78, sd = 0.604; IM: mean = 5.62, sd = 0.262; 
MEL: mean = 5.73, sd = 0.228; PEL: 5.36, sd = 0.470) and no statistical differences were 
found among them (p > 0.05 among all comparisons). When we grouped populations 
considering pollution factor, we also found similar SMI values (non-poluted: mean = 
5.78, sd = 0.604; polluted: mean = 5.57, sd = 0.354) and no statistical differences (p > 
0.05). Similarly, when populations were grouped according to watercourse type, we 
obtained similar SMI values (central-channel-type: mean = 5.75, sd = 0.436; channel-
type: mean = 5.49, sd = 0.378) and no statistical differences (p > 0.05). 

The correlation between the average lipid and caloric content of macroinvertebrates 
with the average of condition factor for each site were not statistically significant (lipid 
content: p = 0.083; caloric content: caloric content: p = 0.083), showing no direct 
relationship between the quality of the macroinvertebrates and body condition in 
silverside.

Alimentary preference of B. microlepidotus. The Chesson index showed selection 
by the gastropod Physidae in the channel-type, central-channel-type, and polluted 
sites, while in the least polluted site there was selection by the Diptera Muscidae and 
Athericidae.

Stable isotope δ¹⁵N signal and trophic position of B. microlepidotus and 
baseline. The significant effects of pollution (F = -16.513; p < 0.0001) and watercourse 
type (F = -9.988; p < 0.0001) on the stable isotope δ¹⁵N signal were detected in silverside, 
although the effect of the pollution factor was much clearer, with individuals from the 
polluted sites exhibiting higher signal of the stable isotope δ¹⁵N than individuals from 
the non-polluted site (Figs. 6A, C). Regarding the baseline we can observe a similar 
pattern with significant effects of pollution (F = -22.67; p < 0.0001) and watercourse 
type (F = -11.66; p < 0.0001) with polluted and central-channel-type sites showing 
higher isotope δ¹⁵N signal than non-polluted or channel-type sites, respectively (Figs. 
6B, D).

No effect of pollution was observed on trophic position, with non-polluted 
sites showing credibility intervals ranging between 2.565 and 2.991 and polluted 
sites ranging between 2.072 and 3.786, with a posterior mode of 2.774 and 2.705, 
respectively. Similarly, when watercourse type was considered, no effect was observed 
over trophic position with credibility intervals ranging between 2.044 and 4.406 for 
central-channel-type sites and 2.208 and 3.678 for channel-type sites, with a posterior 
mode of 2.731 and 2.877, respectively. Nevertheless, when δ¹⁵N and δ¹3C signals were 
considered, it is observed a consistent pattern related to the δ¹⁵N signal, with polluted 
sites showing in most cases a higher value, in both silverside (Fig. 7A) and the baseline 
(Fig. 7B). Regarding the δ¹3C signal, polluted sites showed a high variability. In the case 
of watercourse type the effects are not clear, with central-channel-type sites showing a 
very contrasting pattern.
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FIGURE 6 | δ15N signal in muscle tissue of Basilichthys microlepidotus and baseline: A. δ15N content in silverside in polluted and non-polluted 

sites, B. δ15N content in silverside in channel and central watercourse types, C. δ15N content in baseline in polluted and non-polluted sites, D. 

δ15N content in baseline in channel and central watercourse types. *Indicate significant differences.

FIGURE 7 | Biplot of δ15N and δ13C signals in Basilichthys microlepidotus and baseline. Silverside biplot (A) 

and baseline biplot (B).
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DISCUSSION

Our study suggests that water pollution and river channelization not only affect the 
composition of the macroinvertebrate community but also its nutritional quality 
as a food resource for fishes, although no changes in the body factor condition and 
silverside’s trophic position were observed. 

The macroinvertebrate community in the Maipo River resembled patterns seen 
in polluted sites elsewhere, with high abundances of Oligochaeta, Nematoda, 
Chironomidae, and Gastropoda (Azrina et al., 2006; Theodoropoulos et al., 2015). In 
Chile, Córdova et al. (2009) reported elevated percentage of Chironomidae, Dugesiidae, 
Hydropsychidae, and gastropods in polluted areas of the Limache stream, while less-
impacted sites hosted more Perlidae and Leptophlebiidae. In our study, Chironomidae 
were dominant across all sites, while sensitive groups like Ephemeroptera and 
Plecoptera were scarce, consistent with the Maipo River’s proximity to a large urban 
center. Notably, macroinvertebrate composition varied more by watercourse type than 
by pollution level. Channel-type channels exhibited a greater abundance of gastropods 
of the genus Littoridina, whereas central-channel types showed higher abundances 
of insects, particularly Chironomidae. Similarly, Habit et al. (1998) described distinct 
benthic macroinvertebrate communities between irrigation channels and the main 
channel of the Itata River in the south-central region of Chile. Our results suggest that, 
in the case of the Maipo River basin, watercourse type is a more reliable indicator than 
pollution level to assess macroinvertebrate community composition. Moreover, a similar 
pattern was observed in the stomach content analysis, where the different watercourse 
types showed variations in trophic niche breadth. Channel-type sites exhibited greater 
diversity in gut contents compared to the central channel. Regarding pollution, the 
stomach contents of silverside were similar under both conditions, indicating that 
despite differences in environmental macroinvertebrates availability between polluted 
and non-polluted sites, silverside consumed similar types of macroinvertebrates. Da 
Silva Penha et al. (2025) found similar patterns/results for the fish Hemiodus unimaculatus 
in the Xingu River where the species showed a stable pattern in the diet across different 
hydrological periods with different environmental offers. It is important to consider that 
B. microlepidotus has a broader diet including small invertebrates, insect larvae, detritus, 
and filamentous algae (Bahamondes et al., 1979), suggesting that a shift in diet could 
happen but not at macroinvertebrate level.

Not only differences in community structure were found, as silverside in polluted 
and channel-type sites showed access to food with lower caloric and lipid content 
compared to those in non-polluted and central-channel sites. Few studies have examined 
macroinvertebrate nutritional quality for fish. Cobo et al. (2000) highlighted the need to 
consider both the quantity and quality of macroinvertebrates to assess trophic impacts. 
They reported the caloric and lipid content of insects (Coleoptera, Trichoptera, and 
Diptera), with an average energy content of 5,426.58 cal/g and a lipid content of 22.62%. 
These results matched values from less-impacted sites in this study, likely due to greater 
insect abundance. In contrast, gastropods were dominant in channel and polluted areas. 
Hondolero et al. (2012) estimated the caloric content of a group of gastropods in the 
northern Bering and Chukchi Sea as approximately 766.7 cal/g, a value comparable 
to the caloric content observed in this study for channel-type and polluted sites (776.4 
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cal/g and 1627.4 cal/g, respectively). Heras et al. (1998) determined the lipid content 
of juveniles of the gastropod Pomacea canaliculata (Lamarck, 1828), reporting a value of 
2% lipid content in dry weight, which closely matches the lipid content measured in 
macroinvertebrates from the polluted and channel-type sites in this study (3.03% and 
0.39%, respectively). 

Caloric and lipid content across sites reflected the dominant macroinvertebrate types, 
with gastropods providing lower nutritional value than insects. This may affect consumers 
like B. microlepidotus. Polluted sites showed reduced diversity and food quality, aligning 
with gene expression patterns found by Vega-Retter et al. (2018). Interestingly, channel 
sites had lower food quality but higher diversity than central channels, suggesting a 
complex relationship between macroinvertebrate diversity, nutritional value, and fish 
condition that warrants further study. Despite the differences observed in the nutritional 
quality of macroinvertebrates among sites, at a broader scale no effect was detected on 
the silverside diet composition between polluted and non-polluted areas and, similarly, 
no differences in the body condition factor were observed by pollution and watercourse 
type. These two last results mentioned could be associated with the selection behavior of 
B. microlepidotus in almost all sites by the gastropod Physidae. This suggests that Physidae 
would be an easy prey for B. microlepidotus, since Physidae is attached to rocks at the bottom 
of the channel and has low mobility (Hanson et al., 2010), thus increasing its probability 
of capture. Similarly to our results, Davis et al. (2012) used stomach content and stable 
isotope analyses to assess size-related dietary shifts in an Australian fish assemblage. All 
species showed marked ontogenetic changes in diet. While δ¹³C values generally agreed 
with stomach content data, concordance with δ¹⁵N-based trophic position estimates 
was low, likely due to omnivory, overlapping basal isotope sources, and uncertainty in 
isotopic fractionation rates. Interestingly, silverside inhabiting polluted sites appeared to 
actively select macroinvertebrates with lower nutritional content. A possible explanation 
for this pattern could be a shift in carbon sources within polluted environments, as 
suggested by the δ¹³C signal observed at those sites. A comparable phenomenon has 
been reported for native and exotic fish species in the rio das Velhas basin, Brazil, where 
a shift in carbon sources occurs in polluted areas, changing from filamentous algae and 
periphyton in cleaner sites to sewage-derived and fine particulate organic matter in 
polluted sites (de Carvalho et al., 2019). This could be in line with the broad feeding 
behavior of silverside, that could differ in other components besides macroinvertebrates 
in polluted sites. For example, Alves et al. (2016) showed that the silverside Atherinella 
brasiliensis presents a generalist feeding behavior changing its food sources in polluted 
environments including items not related to macroinvertebrates. Nevertheless, this 
plasticity in feeding behavior in polluted sites could have consequences, like liver damage 
(Santos et al., 2018). Future studies in the Maipo River basin should analyze different 
carbon sources to test this hypothesis.

Individuals of B. microlepidotus inhabiting polluted sites exhibited higher δ¹⁵N values 
compared to those from the non-polluted site. Similarly, de Carvalho et al. (2020) 
conducted a study across 16 sites within the rio das Velhas basin, a Brazilian river heavily 
impacted by anthropogenic activity, and found that δ¹⁵N values in both periphyton and 
catfishes reflected the concentrations of reactive nitrogen introduced by diverse human 
activity. Accordingly, our findings suggest that the polluted sites (IM, MEL, and PEL) 
are subject to a greater environmental nitrogen load. Additionally, the gastropods used 
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as baseline showed the same pattern related to pollution factor. This is also supported by 
the findings of Briones-Alburquenque et al. (2025), who conducted research on three of 
the sites examined in the present study and reported higher δ¹⁵N values in the feeding 
functional groups of macroinvertebrates inhabiting the polluted sites compared to those 
from less-polluted sites. Despite this, the trophic position of B. microlepidotus was not 
affected either by pollution or watercourse type. The trophic position of an organism 
can be influenced by three main factors: the isotopic baseline of the environment, 
primarily associated with the incorporation of organic and nitrogenous contaminants, 
which tend to elevate the trophic position of all exposed organisms (Lee et al., 2018), the 
physiological or nutritional condition of the organism (Hobson et al., 1993; Doucett et 
al., 1999), and dietary habits, specifically the direct composition of the organism’s diet 
(Post, 2002; Caut et al., 2009). In this study we observe effects at macroinvertebrate 
communities related to pollution and watercourse type factors, and previous studies had 
clearly shown the chemical differences among sites (Vega-Retter et al., 2014; Cortés-
Miranda et al., 2024), but this does not affect silverside at broader scale like trophic 
position or body condition factor. This could be explained by the carbon shift sources 
as was discussed above but also could be related to the δ¹⁵N enrichment observed in 
the baseline related to pollution. Nevertheless, it does not mean that the changes in 
macroinvertebrate structure and quality could not have an effect on other fish species 
not evaluated in this study. 

Another factor to consider is that our sampling was conducted during a single season 
(spring). To assess whether the detected pattern remains consistent across different 
periods of the year, it is essential to replicate this study in the autumn, winter and 
summer. Additionally, not considering other potentially relevant factors like water 
temperature, climate, geomorphological factors could limit the interpretation of the 
results. However, it is important to note that the four sampling sites used in this study 
have been monitored by our team for over 10 years, with physicochemical data collected 
in the years both prior to and following sampling for this study indicating temporal 
stability in the level of contamination at these sites (Vega-Retter et al., 2014; Veliz 
et al., 2020; Cortés-Miranda et al., 2024). However, as we show in Cortés-Miranda 
et al. (2024) the pollution profile of the three polluted sites is not the same, with a 
clear separation of MEL from IM and PEL, which could be acting as an additional 
confounding factor, thereby hindering the detection of the effects of pollution. 
Furthermore, another study has confirmed our team’s characterization of the pollution 
in the basin (Soriano et al., 2024). Given the high reliability of our site characterization, 
our results appear to be consistent, but it would be necessary to consider other variables 
in future studies to confirm this.

Overall, this study suggests that anthropogenic activities such as water pollution 
and river channelization not only affect the composition of the macroinvertebrate 
community but also its nutritional quality as a food resource for fishes. Most 
macroinvertebrates indexes used to assess environmental conditions only consider 
changes in abundance and/or composition, but quality of macroinvertebrate as food is 
neglected (Sumudumali, Jayawardana, 2021; Ndatimana et al., 2023), even considering 
that previous studies emphasis this problem (Bertoli et al., 2021). Our results point 
out that change in macroinvertebrate community composition can be associated with 
change in their caloric and lipid content, which could have several impacts on aquatic 
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ecosystems. The absence of an effect on the silverside’s trophic position is controversial 
but may reflect a dietary shift not directly related to the macroinvertebrate community. 
Finally, our findings indicate that anthropogenic disturbances may not necessarily reduce 
the total abundance of macroinvertebrates, but they can alter community composition 
and, consequently, the quality of this resource for higher trophic levels, an aspect often 
overlooked in environmental assessments. In our study, the consumer species was not 
affected; however, this outcome should be evaluated for other consumers that may have 
very different ecological requirements. Given that macroinvertebrates play a key role 
in linking primary producers and higher trophic levels, it is essential to consider this 
dimension in environmental impact assessments, for instance, by developing indices 
that incorporate this measure, to support appropriate conservation and management 
strategies for aquatic ecosystems and fish diversity.
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