Freshwater Biology W ILEY

| ORIGINAL ARTICLE EEIEEED

Aquatic and Terrestrial Invertebrates Support Fish
Assemblages of Amazonian Streams

Pedro H. S. Basilio! | Cecilia G. Leal? 2 | Débora R. de Carvalho? 2 | Gabriel L. Brejao® 2 | Dennys H. C. Drager* & |
Gilberto N. Salvador* | Marcos A. Alves-Filho’ | Vladimir E. Costa® | Gabriel O. Ferraz’ |
Gustavo S. Ferreira® i | Rafael P. Leitdo* 2 | Luciano F. A. Montag® @ | Jady V. A. S Santos® 2 | Everton C. Silval?© |

Paulo S. Pompeu!

!Graduate Program in Applied Ecology, Department of Ecology and Conservation, Institute of Natural Sciences, Federal University of Lavras, Lavras, Minas
Gerais, Brazil | 2Lancaster Environment Centre, Lancaster University, Lancaster, UK | 3Department of Biodiversity, Sdo Paulo State University (UNESP),
Institute of Biosciences, Rio Claro, Sdo Paulo, Brazil | “Graduate Program in Ecology, Conservation and Wildlife Management, Federal University of Minas
Gerais, Belo Horizonte, Minas Gerais, Brazil | Graduate Program in Systematics, Animal Taxonomy and Biodiversity, Museum of Zoology, University of
Sdo Paulo, Sdo Paulo, Sdo Paulo, Brazil | °Stable Isotope Center “Prof. Dr. Carlos Ducatti”, Institute of Biosciences, Sdo Paulo State University (UNESP), Sdo
Paulo, Sdo Paulo, Brazil | 7Interunit Graduate Program in Applied Ecology, Center for Nuclear Energy in Agriculture, University of Sdo Paulo, Piracicaba,
Sdo Paulo, Brazil | 3Graduate Program in Tropical Aquatic Systems, State University of Santa Cruz and Federal University of Southern Bahia, Ilhéus/Porto
Seguro, Bahia, Brazil | Graduate Program in Ecology, Federal University of Para (UFPA), Belém, Pard, Brazil | °Laboratory of Environmental Impact
Studies, Institute of Science and Technology of Waters, Federal University of Western Pard, Santarém, Para, Brazil

Correspondence: Pedro H. S. Basilio (hhenriquepedro.2018@gmail.com)
Received: 15 August 2025 | Revised: 15 April 2026 | Accepted: 6 May 2026

Keywords: biomass | energy flow | riparian forest | stable isotopes | trophic structure

ABSTRACT

1. The Amazonian stream network is remarkable not only for its extent but also for its rich fish diversity. These streams are
interconnected with the surrounding forests. However, key ecological aspects of Amazonian freshwater ecosystems, such as
energy flows and carbon sources sustaining fish assemblages, remain poorly understood.

2. In this study, we used carbon (8'3C) and nitrogen (§'°N) stable isotopes to evaluate, for the first time, the trophic structure of
Amazonian stream fish and to identify the food resources sustaining their assemblages. We sampled fish and a broad array of
potential food resources, including macrophytes, riparian vegetation, filamentous algae, aquatic and terrestrial invertebrates,
and periphyton. We calculated diversity metrics, trophic niches, trophic positions, and assimilated resource proportions.

3. Fish biomass was primarily supported by terrestrial invertebrates (31%-55%) and benthic invertebrates (22%-40%). Shrimps
were the third most important resource contributing to fish biomass (9%-22%). Collectively, invertebrates accounted for 79%-
90% of the total fish biomass across the studied streams. Trophic diversity metrics showed little variation among stream sites,
with most pairwise Bayesian comparisons indicating substantial overlap in posterior distributions.

4. Our findings underscore the critical role of both aquatic and terrestrial invertebrates in supporting the trophic dynamics of
stream fish in the Amazon, demonstrating the strong ecological linkages between streams and their surrounding landscapes.
Moreover, the results highlight the importance of riparian forests in providing essential food resources for fish assemblages
of Amazonian aquatic ecosystems.

5. Our study provides novel insights into the carbon flow and isotopic ecology in small Amazonian streams, contributing to un-
derstanding ecosystem functioning and informing conservation strategies for one of the most species-rich freshwater systems
on Earth.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | Introduction

Headwater streams are fundamentally connected to their sur-
rounding landscapes. Terrestrial-freshwater exchanges of
organic and inorganic matter, as well as nutrients, are key to
their ecological integrity and energy flow (Baxter et al. 2005;
Esteves et al. 2021). These energy flows are also reflected in
large rivers downstream, as streams supply them with a contin-
uous input of energy and matter, maintaining ecological con-
nectivity across the basin (Vannote et al. 1980). In the Amazon,
small terra firme streams run through forests and are shaded
by riparian vegetation, resulting in low primary productiv-
ity (McClain and Elsenbeer 2001). Therefore, riparian forests
provide essential food resources and carbon sources for fish
(Lowe-McConnell 1999), shaping their trophic ecology.

The complex forest-stream linkages are also reflected in the
variety of microhabitats available for the diverse Amazonian
fish fauna (Vieira et al. 2018). As a result, these fish species
exhibit a wide range of ecological roles, habitat use, and for-
aging strategies (Brejdo et al. 2013). In these systems, fish ex-
ploit various energy sources, including autochthonous food
resources and allochthonous resources supplied by the ri-
parian forest (Cardoso and Couceiro 2017). Temporary pools
formed in the adjacent stream margins during rainfall periods
are also a source of detritus and terrestrial invertebrates for
fish (Espirito-Santo et al. 2009). Altogether, this ecological di-
versity reflects a wide range of trophic strategies that sustain
complex food webs and energy flows in these systems (Saito
et al. 2024).

Stable isotope analysis of carbon (8'3C) and nitrogen (§'°N)
is a powerful tool for investigating energy flow and trophic
ecology in aquatic ecosystems (Pereira and Benedito 2007;
Albrecht et al. 2021). The isotopic composition of fish tissue
reflects the array of resources assimilated by them, enabling
an understanding of carbon flow across ecosystems (Fry and
Sherr 1984; Newsome et al. 2007; Albrecht et al. 2021). §13C
stable isotopes exhibit minimal trophic fractionation along
the food web, with an average increase of approximately 0.4%o
+1.3%o per trophic level (Post 2002), enabling the identifica-
tion of different basal resources that sustain the food web of
an ecosystem. In contrast, 8'°N stable isotopes are consistently
fractionated along the trophic web, with a typical trophic frac-
tionation of about 3.4%. + 0.98%o per trophic level (Post 2002).
Therefore, 8'°N stable isotopes are particularly useful for
estimating the trophic position of consumers within a food
web (DeNiro and Epstein 1981; Fry 2006; Perkins et al. 2014;
Alonso et al. 2020).

In the Amazon basin, one of the first studies using stable iso-
topes was conducted in the mid-1980s, when Araujo-Lima
et al. (1986) analysed the main carbon sources for detritivo-
rous fish in the Amazon River. Later, other studies applied
this tool to investigate fish trophic ecology, but mainly with a
focus on species from large rivers (Forsberg et al. 1993; Leite
et al. 2002; Mortillaro et al. 2015; Zuluaga-Goémez et al. 2016;
Seabra et al. 2025), which exhibit an energetic dynamic and
overall ecological functioning markedly different from small
headwater streams. The isotopic ecology of Amazonian
stream fish remains poorly understood, despite the anticipated

importance of riparian vegetation in sustaining aquatic com-
munities, particularly through allochthonous inputs such as
terrestrial invertebrates and plant organic matter (Vannote
et al. 1980).

To address this knowledge gap, we conducted the first study
using 8!3C and 8'°N stable isotopes to elucidate the trophic
structure and carbon assimilation of fish assemblages in
Amazonian streams. Specifically, we seek to: (a) Determine
the main carbon sources sustaining fish assemblages, esti-
mating the percentual assimilation of different food resources
across species and the corresponding biomass supported by
these inputs; and (b) Evaluate the trophic structure of fish as-
semblages by estimating trophic niches, trophic positions, and
community-wide metrics of trophic diversity. We tested the
following hypotheses: (1) Given the limited light availability
due to dense riparian canopy cover, fish assemblages are pre-
dominantly sustained by allochthonous resources, with inver-
tivorous species comprising the dominant trophic guild; and
(2) Because the studied streams share similar environmental
conditions, we anticipate minimal variation in trophic posi-
tion, trophic diversity, and isotopic niche structure among as-
semblages. By disentangling fish diets and energy pathways,
this study provides critical insight into the ecological linkages
between aquatic and terrestrial environments. The resulting
patterns reflect the intricate processes that maintain biodi-
versity and ecosystem functioning in Amazonian streams and
highlight the fundamental role of riparian forest integrity in
sustaining tropical freshwater food webs.

2 | Methods
2.1 | Study Area

The study was conducted in five streams (2nd to 3rd Strahler
order) within the Curua-Una River basin, a tributary of the
Amazon River, Pard, Brazil (Figure 1). The region is charac-
terized by a mosaic of land uses and cover, including mech-
anized agriculture, cattle ranching, silviculture, smallholder
agricultural settlements, secondary forests, and undisturbed
primary forests, the latter mostly located in the Tapajos
National Forest protected area (Gardner et al. 2013). The
stream sites are located outside protected areas but within
landscapes characterized by low anthropogenic disturbance
and similar land-use cover.

This study was carried out under the Sustainable Amazon
Network (RAS) framework sampling design (Gardner
et al. 2013). Each stream site consisted of a 150m stretch
where we measured the physical habitat and sampled fish
and resources, similarly to other studies in the Amazon (Leal
et al. 2017; Leitdo et al. 2018; Montag et al. 2019). This level of
sampling effort is considered sufficient to sample fish species
richness in megadiverse tropical regions (Pompeu et al. 2021).
Land-use cover was estimated using MapBiomas (MapBiomas
2024). We calculated the percentage of mature forest (i.e., pri-
mary forest + old secondary forest) at the catchment scale up-
stream of each stream site (Table 1). Old secondary forest was
defined as secondary forest that is at least 10years old. Non-
forest areas consisted of pasture, grassland, soybean and other
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FIGURE1 | Stream sites in the Curud-Una River basin, Para, Brazil. (Some streams were omitted for better visualization of sampling sites)

TABLE 1 | Land-use cover and physical habitat characteristics of the stream sites sampled in July/August 2023 in the Curua-Una River basin,
Amazon basin.

Mean Mean Fine Channel Other
Stream Strahler Geographic depth width substrates shading Mature land
sites order coordinates (m) (m) (%) (%) forest (%) uses (%)
S1 3° —54°49'34.42" 0.55 2.71 43.80 92.91 82.83 17.17
—3°25'44.88"
S2 2° —54°54'0.77" 0.39 2.68 26.31 88.50 62.59 37.41
—3°15'57.02"
S3 3° —54°592.68" 0.76 12.94 16.19 87.96 78.51 21.49
-3°11'17.72"
S4 3° —54°43'52.15" 0.83 3.92 39.04 86.89 56.47 43.53
—3°1'39.14"
S5 3° —54°48'51.04" 1.02 5.96 70.47 94.25 80.89 19.11
—3°91.53"

temporary crops. To characterize the physical habitat of streams and Peck et al. (2006). Fieldwork was conducted once during
we measured depth, width, substrate type and channel shading, the dry season (July-August 2023), when logistics and sampling
following the field protocol proposed by Kaufmann et al. (1999)  conditions are more suitable (Leitdo et al. 2018).
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2.2 | Fish Sampling

For fish sampling, we subdivided the 150-m stream site into 10
continuous 15-m sections. Each section was sampled by two
people for 12min, totaling 120 min of sampling effort (Leal
et al. 2017; Leitdo et al. 2018). Fish were collected using semi-
circular sieves (80 cm in diameter, 1-mm mesh) and seine nets
(3m long, 5-mm mesh) in all stream sites. All sampling pro-
cedures were authorized by ICMBio (SISBIO 87389-1/2023)
and the Ethics Committee of the Federal University of Para
(UFPA) (8293020418/2018).

For the stable isotope analysis, we selected up to five individ-
uals per species, whenever possible. We weighed, measured,
and collected muscle samples from each large individual,
while the small individuals (<2cm) were analysed whole,
after removal of the digestive tract. Fish samples for isotopic
analysis were frozen and later lyophilized for 48 h and ground
into a fine homogeneous powder using a mortar and pestle.
Voucher specimens were also weighed and measured and
fixed in 10% formalin solution and then stored in 70% ethanol
solution and deposited at the Fish Collection of the Federal
University of Lavras (CI-UFLA), where the species identifi-
cations were confirmed using identification keys and by con-
sulting specialists.

2.3 | Basal Resources Sampling

At each stream site, we collected up to five samples of each
of the following basal resources, when available: periphyton
(PE), filamentous algae (AL), macrophytes (MA), fine particu-
late organic matter (FPOM), coarse particulate organic matter
(CPOM), riparian vegetation (RV), benthic invertebrates (BI),
shrimps (SH), and terrestrial invertebrates (TI). PE was sam-
pled by scraping and washing wood or rocks with a small brush
and stored in distilled water. FPOM samples were collected by
resuspending sediment. CPOM was manually collected from
the streambed. MA and RV were also manually collected, and
AL was collected using tweezers. BI were sampled using a D-
frame kicking net (30 cm aperture, 500 um mesh), while TI were
manually and randomly collected in the riparian zone using
tweezers. SH samples were collected using semicircular sieves
(80cm in diameter, 1-mm mesh). All samples were stored on ice
until transferred to freezers. In the laboratory, PE and FPOM
samples were filtered through quartz fibre filters (Whatman
QMA quartz filters) using a filtration apparatus connected to a
vacuum pump. The samples were then oven-dried at 40°C for
48h and ground into a fine, homogeneous powder using a mor-
tar and pestle. RV, CPOM, AL, BI, and TI were lyophilized for
48h and subsequently ground into a fine, homogeneous powder
using a ball mill (Retsch MM 400) or a mortar and pestle.

2.4 | Isotopic Analyses

Isotopic analyses were performed at the Stable Isotope Center
at Sao Paulo State University (Unesp) in Botucatu, Brazil. We
used an isotope ratio mass spectrometry system with elemental
analyser EA-IRMS (Flash 2000—Delta V Advantage, Thermo
Scientific, Germany). For each analysis, 0.5-3.0mg of dry and

homogenized samples were weighed in a tin capsule. The sys-
tem simultaneously determined the isotopic ratios R(iE/fE)sample,
which were expressed as a relative difference from the isotopic
ratio §'E, in %o according to equations (Coplen 2011):

5iE _ R(IE/jE)sample
%) = T e
(o R(IE/]E)standard

where ‘E is 13C or 1°N, JE is '2C or N, and RCE//E),  j..q &€
the international standard ratios VPDB (Pee Dee Belemnite)
for R(**C/"C)yppy and Air (atmospheric Nitrogen) for
R(**N/¥N),;. The results were normalized from certified
reference standards USGS61, USGS62, and USGS63 (Paul
et al. 2007; Schimmelmann et al. 2016, 2020). The standard
uncertainty of the analysis was estimated to be £0.10%0 and
+0.15%o for 813C and 8'°N, respectively.

2.5 | Trophic Structure and Carbon Sources

Fish were classified into trophic guilds according to Leal
et al. (2017), who previously sampled the same streams and eval-
uated fish diets based on stomach content analysis. To assess the
food web structure of the fish assemblages, individuals of all fish
species were plotted in a biplot space using isotopic values of §13C
(x-axis) and 8'°N (y-axis), providing a visual representation of the
food web structure at each stream site. Mean §'*C and 8'°N values
were plotted for each fish species, while the food resources were
represented by their mean and + standard deviation values.

2.6 | Proportion of Food Resources Assimilated
and Biomass

To evaluate trophic partitioning of food resources, we applied
a Bayesian stable isotope mixing model implemented in the
SIMMTr package in R (Parnell et al. 2013; R Core Team 2024).
A Markov Chain Monte Carlo (MCMC) analysis was con-
ducted using four independent chains to assess convergence.
Each chain was run for 50,000 iterations, of which the first
10,000 were discarded as burn-in to remove the influence of
initial values. Samples were thinned by retaining every 10th
iteration to reduce autocorrelation among posterior samples.
For this analysis, the resources were selected based on the
main food items identified through stomach content analysis
for each guild (Leal et al. 2017): Piscivorous/Carnivorous (TI,
BI, SH, and fish), Omnivorous (TI, BI, SH, CPOM, and AL),
Invertivorous (TI and BI), Periphytivorous (PE, FPOM, and
AL), and Detritivorous (CPOM, FPOM, and PE). Given that
813C signature of leaves can vary vertically along tree height
(Domingues et al. 2005; Martinelli et al. 2009) and we only
sampled leaves at head height, we decided to use CPOM as a
proxy for the riparian vegetation. This is because CPOM should
reflect the average 8§'3C composition of all the leaves that fall
into the stream. The fractionation values (mean + standard de-
viation) considered for this analysis were 0.4%o + 1.3%o for §'3C
and 3.4%o + 0.98%o for 8'°N (Post 2002). To investigate the for-
est contribution to the benthic food web, we applied the mix-
ing model to estimate the proportional contribution of food
resources to the BI. For this analysis, we considered the basal
resources that appeared to be more assimilated, as indicated
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by the biplot (i.e., CPOM, FPOM, and PE) and fractionation
values (mean + standard deviation) considered for this analy-
sis were also 0.4%o = 1.3%o for 813C and 3.4%o + 0.98%. for 8N
(Post 2002).

To calculate the fish biomass supported by food resources in
each stream site, we used the percentage contribution of each
food resource consumed by each species, applying the formula
from Pompeu and Godinho (2006):

Biomass (%) =(C/S)x F

where C is the total biomass of the fish assemblage (g), S is the
species biomass (g), and F is the percentage contribution of each
food source to species diet.

The relative contribution of a given food resource to the local
assemblage biomass was determined by summing the contribu-
tion values of all species that used that resource, multiplied by
each respective relative biomass. For this analysis, we consid-
ered the biomass of all fish species and individuals captured in
each stream site.

2.7 | Trophic Niches and Trophic Diversity

We calculated the standard ellipse area (SEA) to quantify the
isotopic niche of each fish assemblage using the SIBER pack-
age in R (Jackson et al. 2011; R Core Team 2024). Bayesian es-
timates of standard ellipse area (hereafter SEAb) were used to
assess differences in isotopic niche width among assemblages by
comparing the overlap of 95% credible intervals derived from the
posterior distributions.

To compare the trophic structure across stream sites, we used
the SIBER package to calculate six metrics originally proposed
by Layman et al. (2007) and reformulated within a Bayesian
framework by Jackson et al. (2011). The §'°N range (NR) of-
fers a vertical perspective of the food web structure, reflect-
ing the distance between the most and least enriched §°N
values across both resources and consumers. A broader 8N
range typically indicates the presence of multiple trophic lev-
els within a community. The 8!'3C range (CR) represents the
horizontal variation, indicating the diversity of resources used
by the community. A wider 8§!3C range is generally linked to
food webs that use a diverse set of resources with distinct §'3C
signatures and/or exhibit greater variability in the §'3C val-
ues of available resources. The mean distance to the centroid
(CD) measures the average trophic diversity within the food
web, calculated as the mean Euclidean distance of each spe-
cies from the centroid. The mean nearest neighbour distance
(MNND) reflects the average Euclidean distance to the clos-
est neighbour for each species, providing an estimate of the
community’s overall trophic redundancy. Smaller MNND sug-
gests a high degree of trophic redundancy, where many spe-
cies share similar trophic niches. The standard deviation of the
nearest neighbour distance (SDNND) gauges the evenness of
spatial density and the packing of species within biplot space.
Unlike MNND, SDNND is less affected by sample size. Lower
SDNND values indicate a more uniform distribution of trophic
niches across the community (Layman et al. 2007). Differences

among stream sites were evaluated by comparing posterior dis-
tributions and by estimating the probability that a given metric
at one site was greater than that at another stream site.

2.8 | Trophic Position

We estimated the trophic position (TP) of fish species using the
Bayesian package tRophicPosition in R (Quezada-Romegialli
et al. 2018; R Core Team 2024). This approach combines prior
information with observed 8'3C and 8N values to generate
posterior probability distributions of trophic position, thereby
explicitly accounting for uncertainty in baseline isotopic values
and trophic discrimination factors. We applied the two-baseline
full Bayesian model, in which 8'3C isotopic values are used to es-
timate the relative contribution of two 8'°N baselines to consum-
ers. Baseline 1 CPOM, representing terrestrial-derived organic
material, and baseline 2 corresponded to FPOM, representing
organic matter of mixed origin (Lamberti et al. 2017). Trophic
discrimination factors (mean +standard deviation) used in the
model were 0.4%o +1.3%o for 8'3C and 3.4%0=+0.98%0 for §1°N
(Post 2002).

2.9 | Data Analysis

To test whether the 8§'*C and 8'°N values of fish and food re-
sources varied among stream sites, we first assessed normal-
ity and homoscedasticity. Then we applied either ANOVA or
Kruskal-Wallis tests, followed by the appropriate post hoc tests
(Tukey or pairwise comparisons). To evaluate trophic positions
or whether the proportions of energy sources consumed varied
among sites, the same procedure was applied.

3 | Results

We collected 770 individuals from 37 fish species across all
stream sites (Table S1). For stable isotope analyses, we used 285
fish individuals and 268 food resource samples, totaling 556
samples for §'3C and 8'°N analyses. We collected 30 samples
for each resource type (BI, TI, CPOM, FPOM, RV, and PE), ex-
cept for MA (20 samples), AL (14 samples), and SH (24 samples).
Among the 37 fish species, only Gymnorhamphichthys rondoni,
Hyphessobrycon ericae, Moenkhausia conspicua, and Saxatilia
aff. brasiliensis were recorded in all stream sites.

3.1 | Trophic Structure and Carbon Sources

The 8'3C and 8'°N values of fish assemblages differed among
stream sites (8'3C: p=<0.001 and 8*N: p=<0.001). For food
resources, both BI (8'3C: p=0.443; §'°N: p=0.118) and TI (§13C:
p=0.291; 8'°N: p=0.110) isotopic values were similar among
stream sites (Figure 2). However, other resources, such as mac-
rophytes, differed among sites (Table S2). All assemblages were
dominated by invertivorous species, followed by carnivorous,
omnivorous, and piscivorous species (Figure 3). Periphytivorous
species were present at three stream sites, while detritivorous
species were observed at two sites.

Freshwater Biology, 2026

50f 13



20| S1 20| S2
15 15 2
16 % aw:SH
10 10 2" 30
AL] Tl
5 5 $-FPOM
0 0
-5 -5
-45 -40 -35 -30 -25 -20 45 -40 -35 -30 -25 -20
20| g3 20 s4
15 15
121 34 SSH 37 33, 35 3 21 1‘1. o
= 35-920,98 3 /28 11 03594, "0, 879 20
= 10 16/22*1031_}_“‘5.'20 10 28.’ . Q 23
;' . BIT &Q— B, T|30
V] FR
2 5 c Ol\?ﬂb— il 5 A
o v
FPOM CPOMT v
0 . 0
-5 -5
-45 -40 -35 -30 -25 -20 -45 -40 -35 -30 -25 -20
20
S5
15 . .
" Feeding Guild
10 @ Carnivorous
@ Detritivorous
5 @ |Invertivorous
Omnivorous
0 @ Periphytivorous
5 ® Piscivorous

-45 -40 -35 -30 -25 -20
5"°C (%o)

FIGURE 2 | Trophic structure of stream sites in Curua-Una River basin considering the isotopic composition of fish (mean) and food resources
(mean and standard deviation). Fish species: 1 (Acanthodoras cataphractus), 2 (Aequidens epae), 3 (Aequidens tetramerus), 4 (Anablepsoides cf. uroph-
thalmus), 5 (Apistogramma taeniata), 6 (Apteronotus albifrons), 7 (Batrochoglanis raninus), 8 (Brachyglanis microphthalmus), 9 (Brachyhypopomus
cf. brevirostris), 10 (Bryconops sp.), 11 (Bryconops melanurus), 12 (Characidium aff. pteroides), 13 (Copella callolepsis), 14 (Erythrinus erythrinus),
15 (Farlowella cf. smith), 16 (Gymnorhamphichthys rondoni), 17 (Gymnotus aff. coatesi), 18 (Gymnotus coropinae), 19 (Helogenes marmoratus), 20
(Holopristis cf. neptunus), 21 (Hoplias curupira), 22 (Hoplias malabaricus), 23 (Hyphessobrycon ericae), 24 (Hypopygus lepturus), 25 (Hypselecara
temporalis), 26 (Ituglanis amazonicus), 27 (Knodus savannensis), 28 (Lugubria strigata), 29 (Melanocharacidium dispilomma), 30 (Moenkhausia com-
ma), 31 (Moenkhausia conspicua), 32 (Nannostomus marginatus), 33 (Rhamdia quelen), 34 (Rhinotocinclus hera), 35 (Saxatilia aff. brasiliensis), 36
(Synbranchus madeirae), 37 (Synbranchus sp.).

3.2 | Proportion of Resources Assimilated (Figure 4). TI were the main food source for Synbranchus ma-
and Biomass deirae (67%), Hyphessobrycon ericae, and Helogenes marmoratus

(up to 55% and 58%, respectively). BI accounted for more than
The proportions of food resources assimilated by consumers 70% of the carbon assimilated by Characidium aff. pteroides.
across all stream sites were not different (Table S3). TI and BI ~ AL were the main food source for Rhinotocinclus hera (80%)
were the most assimilated food resources across stream sites and Farlowella cf. smithi (65%). SH represented up to 45% of the
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FIGURE 3 | Relative richness of fish trophic guilds (%) in streams
of the Curud-Una River basin. Trophic guilds were classified according
Leal et al. (2017), based on stomach content analysis.

assimilated resources by Rhamdia quelen, while FH accounted
for 52% of the assimilated resources for Lugubria strigata. The
proportions of energy sources assimilated by BI across stream
sites were FPOM (36%), CPOM (34%), and PE (30%) (Tables S4
and S5) (Figure S1).

Most of the fish biomass was supported by terrestrial inverte-
brates (TI; 31%-55%) and benthic invertebrates (BI; 22%-40%).
Shrimps were the third most important food source, contrib-
uting 9%-22% to the biomass. Together, these three sources
accounted for 79%-90% of the total biomass across all sites. In
turn, FPOM and PE were the least important sources for bio-
mass (Figure 4).

3.3 | Trophic Niches and Trophic Diversity

SEAD values varied among sites (Table 2), and credible inter-
vals formed a continuous gradient with substantial overlap
across all five stream sites (Figure 5). Among Layman met-
rics, CD showed the strongest variation among stream sites,
with several pairwise comparisons showing posterior prob-
abilities > 0.9, indicating that CD is greater in specific sites
compared to others. In contrast, CR, NR, and TA displayed
only moderate variation, with posterior probabilities gener-
ally below 0.9, indicating weak support for directional differ-
ences in pairwise comparisons (i.e., low probability that one
site consistently exhibits higher values than another). MNND
and SDNND showed probabilities close to 0.5 in most compar-
isons, indicating no clear directional differences (i.e., neither
A>B nor B> A is supported) and strong overlap among sites
in posterior distributions (Tables S6 and S7).

3.4 | Trophic Position

Mean trophic position differed among stream sites (ANOVA
p<0.05). Post hoc comparisons suggested that this result was
largely influenced by higher trophic positions at site S4, whereas
mostother pairwise comparisonswere not statistically significant
(Tables S8 and S9). The mean trophic position of the four species
common to all stream sites ranged from 2.90 to 3.65 for Saxatilia
aff. brasiliensis, from 2.77 to 3.56 for Gymnorhamphichthys ron-
doni, from 2.31 to 2.74 for Hyphessobrycon ericae, and from 2.63
to 3.59 for Moenkhausia conspicua (Figure 6).

4 | Discussion

Our results support our first hypothesis that both aquatic and
terrestrial invertebrates play a key role in supporting fish as-
semblages in Amazonian streams. Allochthonous resources
were essential to the trophic dynamics of these streams, with
terrestrial invertebrates and coarse particulate organic mat-
ter (CPOM) collectively comprising approximately 42% of
the local biomass. Their importance could be even greater,
since benthic invertebrates, which accounted for 33% of fish
biomass, derive approximately one-third of their biomass
from CPOM. Our second hypothesis, which predicted small
variation in the trophic structure of fish assemblages under
similar environmental conditions, was partially supported.
Although mean trophic position differed among stream sites,
trophic diversity metrics indicated small or weak differences
among sites. Furthermore, the overlap of SEAb credible in-
tervals indicates great congruence of the isotopic niche across
stream sites.

We found both aquatic and terrestrial invertebrates to be the
main energy sources for Amazonian fish, similar to previous
findings (Sabino and Zuanon 1998; Lowe-McConnell 1999;
Ibafiez et al. 2007; Cardoso and Couceiro 2017). The impor-
tance of invertebrates evidenced in stomach content studies
was confirmed through our stable isotope approach, which
indicated high assimilation of these invertebrates. Unlike
stomach content analyses, stable isotopes reveal the sources
assimilated by fish over longer timescales, ranging from
weeks to months (Nielsen et al. 2018), providing more robust
and complementary information about carbon flow in the
ecosystem.

We also highlighted the importance of certain often-overlooked
resources, such as shrimps. They occupied a position in the
biplot similar to that of invertivorous fish, suggesting they
might feed on similar resources. In fact, Amazonian freshwa-
ter shrimps predominantly prey on arthropods, particularly
aquatic insect larvae (Kensley and Walker 1982). Therefore,
their substantial contribution to fish biomass indicates that
shrimps constitute a relevant component of energy pathways
in these systems.

The high consumption of invertebrates by fish represents a nu-
tritious diet and has also been reported for assemblages in other
preserved tropical ecosystems, including the Amazon (Correa
and Winemiller 2018), Cerrado (de Carvalho et al. 2019), and
Atlantic Forest (Paiva et al. 2024) biomes. The abundance of in-
vertivorous fish may be indicative of good stream integrity (de
Carvalho, de Castro, et al. 2017; de Carvalho, Leal, et al. 2017).
Invertivorous species with high swimming abilities have been
associated with greater environmental heterogeneity and higher
catchment forest cover (Cantanhéde and de Assis Montag 2024).
In fact, the links between forest cover and freshwater integrity
are well established for Amazonian streams (Leal et al. 2016,
2017; Castello and Macedo 2015; Brito et al. 2024). Thus, distur-
bances affecting the terrestrial-aquatic interface, such as defor-
estation, have the potential to alter the availability of resources
and nutrients essential for maintaining ecosystem functioning
(Machado-Silva et al. 2022) and supporting aquatic assemblages
(Zeni and Casatti 2014).
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Our stream sites exhibited small differences in trophic niche di- stream sites, suggesting that fish assemblages are supported by

versity, density, and evenness. This pattern may be associated comparable basal energy sources, which may explain the small
with the similar proportions of assimilated resources among differentiation observed in isotopic niche metrics. Even in the
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FIGURE 4 | (A) Fish abundance (black line), proportion of food resources assimilated by each fish species, and (B) contribution of food sourc-
es to the local assemblage biomass (pie) in stream sites in Curua-Una River basin. Fish species: A.cata (Acanthodoras cataphractus), A.epae
(Aequidens epae), A.tetr (Aequidens tetramerus), A.urop (Anablepsoides cf. urophthalmus), A.taen (Apistogramma taeniata), A.albi (Apteronotus
albifrons), B.rani (Batrochoglanis raninus), B.micr (Brachyglanis microphthalmus), B.brev (Brachyhypopomus cf. brevirostris), B.sp (Bryconops sp),
B.mela (Bryconops melanurus), C.pter (Characidium aff. pteroides), C.nigr (Copella callolepis), E.eryt (Erythrinus erythrinus), F.smit (Farlowella
cf. smithi), Gym.rond (Gymnorhamphichthys rondoni), Gym. coat (Gymnotus aff. coatesi), Gym. coro (Gymnotus coropinae), H.marm (Helogenes
marmoratus), H.nept (Holopristis cf. neptunus), H.curu (Hoplias curupira), H.mala (Hoplias malabaricus), H.eric (Hyphessobrycon ericae), H.lept
(Hypopygus lepturus), H.temp (Hypselecara temporalis), I.amaz (Ituglanis amazonicus), K.sava (Knodus savannensis), L.stri (Lugubria strigata),
M.disp (Melanocharacidium dispilomma), M.comm (Moenkhausia comma), M.cons (Moenkhausia conspicua), N.marg (Nannostomus marginatus),
R.quel (Rhamdia quelen), R.her (Rhinotocinclus hera), S.bra (Saxatilia brasiliensis), S.made (Synbranchus madeirae), S.sp (Synbranchus sp.).

TABLE 2 | Layman trophic metrics of stream sites in the Curua-Una River basin.
Site NR CR TA CD MNND SDNND SEAb
S1 2.22 4.97 7.49 1.32 0.55 0.35 5.75
S2 2.84 5.89 10.01 1.82 0.69 0.55 8.08
S3 2.07 6.48 7.63 1.58 0.77 0.33 9.6
S4 2.47 6.29 9.12 2.15 0.66 0.38 12.15
S5 3.50 6.50 12.79 1.48 0.69 0.95 8.20

Abbreviations: CD, centroid distance; CR, carbon range; MNND, mean nearest neighbour distance; NR, nitrogen range; SEAb, standard ellipse area Bayesian; SNND,
standard deviation of nearest neighbour distance; TA, total area.
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presence of site-specific variation in trophic positions, the un- 2

derlying pathways of energy assimilation appear to be compara- 0
ble across streams. This pattern suggests that streams with low
anthropogenic disturbance tend to display comparable trophic

G. rondoni H. ericae M. conspicua  S. brasiliensis

FIGURE 6 | (A)Food chain length (violin chart) represented by the

structures. Despite this general pattern, mean trophic positions
(TPs) differed among sites, with S4 displaying the highest TP
values. This site also showed the widest trophic niche and the
broadest 8'3C range, coinciding with the highest number of tro-
phic guilds. This stream site also had the lowest riparian cover,
which potentially enhanced primary production and increased
the availability of food resources (de Carvalho et al. 2015; de
Carvalho, de Castro, et al. 2017; de Carvalho, Leal, et al. 2017;
Machado-Silva et al. 2022).

In our study, the use of 8'3C and 8'°N stable isotopes proved
to be efficient in assessing the trophic structure and resources
sustaining Amazonian streams fish. While this approach

mean species trophic positions in each site and (B) trophic position es-
timates for fish species common to all stream sites in the Curua-Una
River basin.

provides a comprehensive understanding of resource assimila-
tion and trophic ecology (Pereira and Benedito 2007; Albrecht
et al. 2021), it also presents certain challenges. For example,
mixing models, which estimate the probability distributions of
resource contributions, can sometimes lead to misinterpreta-
tions (Phillips et al. 2014). To avoid biases and inaccurate prob-
ability estimates, we incorporated stomach content data from
Leal et al. (2017). This helped guide the selection of resources
that appeared to be more assimilated by each guild. In the
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absence of this information in the literature, we recommend a
thorough evaluation of the isotopic compositions of resources
and consumers, using biplot graphs, for example, alongside
species life history data, to help identify the most relevant re-
sources to be included in the models. Another limitation of our
study is that sampling was conducted only once and during
the dry season. Although fish diets may vary during the rainy
season, stable isotope values integrate dietary information over
longer time scales and therefore provide a robust representa-
tion of trophic structure and isotopic niche patterns.

Despite these challenges, the use of §'3C and 8'°N stable iso-
topes in trophic ecology studies has significantly advanced
our understanding of complex processes in aquatic ecosys-
tems (Zuluaga-Gomez et al. 2016; Ceneviva-Bastos et al. 2017;
de Carvalho et al. 2020; Urbano et al. 2024). Our study is the
first to assess the trophic ecology of fish assemblages from
Amazonian streams through stable isotope analyses. We
found that both aquatic and terrestrial invertebrates were the
most important food resources for fish. Moreover, our results
suggest great similarity in the trophic structure of streams
with low anthropogenic disturbances. Our study also con-
tributed to understanding the trophic ecology, including re-
source assimilation and trophic position, of 37 Amazonian
fish species, many of which poorly studied. Although our
streams remain relatively well preserved, they are located in
the Santarém region, one of the agriculture frontiers in the
Amazon (Gardner et al. 2013). The progressive loss and degra-
dation of forest cover in such areas may shift the basal energy
sources of stream food webs. As terrestrial subsidies decline,
fish may increasingly rely on aquatic invertebrates and detri-
tal material (Ferreira et al. 2011, 2012), potentially leading
to food webs that are less complex and more detritus-based
(Ceneviva-Bastos et al. 2017). Such shifts can have cascading
effects, altering trophic interactions, reducing energy transfer
efficiency, and jeopardizing the functional integrity of aquatic
communities. In this context, stable isotope approaches pro-
vide not only a powerful diagnostic tool for detecting subtle
changes in trophic pathways but also a critical foundation
for predicting how freshwater biodiversity and ecosystem
functioning may respond to environmental degradation. As
land-use change intensifies in the Amazon, advancing our
understanding of these processes is not only scientifically rel-
evant, but also vital for guiding conservation strategies in one
of the planet's most biodiverse and vulnerable regions.

Author Contributions

Conceptualization: P.H.S.B., C.G.L., D.R.C., P.S.P. Developing meth-
ods: P.H.S.B., C.G.L., D.R.C., P.S.P. Conducting the research: P.H.S.B.,
C.G.L,D.R.C,G.L.B, M.A.A.-F., D.H.C.D., G.O.F,, G.S.F,, R.P.L,, VE.C,,
L.F.AM, G.N.S.,JVAS.S., E.C.S., P.S.P. Data analysis: P.H.S.B., V.E.C.
Data interpretation: P.H.S.B., C.G.L.,,D.R.C,, G.L.B., M.A.A-F., D.H.C.D.,
G.0.F,G.S.F,R.P.L,L.FAM.,G.N.S,,JV.A.S.S,E.C.S.,P.S.P. Preparation
of figures and tables: P.H.S.B. Writing: P.H.S.B., C.G.L., D.R.C,, G.L.B.,
M.A.A.-F,, D.H.C.D., G.O.F, G.S.F, R.PL, VE.C, L.FAM., G.N.S.,
JV.AS.S,,E.C.S,,PS.P.

Acknowledgements

We are grateful to Renilson Freitas, Ivo Figueiredo, Maria Fernanda R.
Ferreira, Joas Brito, and Guilherme Berger, and all field or laboratory

assistants for their invaluable support. We also thank the Large-Scale
Biosphere-Atmosphere Program (LBA), coordinated by the National
Institute for Amazon Researchers (INPA), for the logistical support
and infrastructure during field activities, and private landowners
for their support and for access to their land. We are also grateful
to Leonardo Maeoka for the map for Figure 1 and for the landscape
data in Table 1. This project was funded by the United Kingdom
Research and Innovation (UKRI) Future Leaders Fellowships (MR/
'W011085/1), including individual funding to C.G.L. and D.R.C., and
by the National Council for Scientific and Technological Development
(CNPq) Long-Term Ecological Research Program (PELD-RAS N°
441573/2020-7 and N° 445994/2024-0). Other individual funding in-
cluded a scholarship from the Fundacdo de Amparo a Pesquisa do
Estado de Minas Gerais (FAPEMIG) to P.H.S.P. (11686/2023) and
to G.N.S. (00401-19), Fundacido de Amparo a Pesquisa do Estado de
Sao Paulo (FAPESP) to G.O.F. (#2022/15332-8 and #2024/06905-0),
Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) to D.H.C.D. (88887.896693/2023-00), CNPq to V.E.C.
(316659/2021-5), R.P.L. (314464/2023-9), L.F.A.M. (302881/2022-0),
and to P.S.P. (302328/2022-0). The Article Processing Charge for
the publication of this research was funded by the Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) (ROR
identifier: 00x0ma614).

Funding

This study was supported by UK Research and Innovation (MR/
‘W011085/1) and Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (441573/2020-7, 445994/2024-0).

Disclosure

We used ChatGPT (OpenAl; GPT-5.2) to support English language ed-
iting (clarity and grammar); all scientific content and interpretations
remain the responsibility of the authors.

Ethics Statement

This study was approved by the Ethics Committee for Animal Use of the
Federal University of Para (UFPA), under protocol no. 8293020418, and
authorized by the Chico Mendes Institute for Biodiversity Conservation
(ICMBio/SISBIO), permit no. 87389-1.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Albrecht, M. P., A. S. Reis, and V. Neres-Lima. 2021. “Is6topos Estaveis
e Outras Ferramentas em Estudos Troficos de Peixes em Riachos
Tropicais.” Oecologia Australis 25, no. 2: 283-300.

Alonso, M. B., D. R. de Carvalho, C. B. M. Alves, and P. S. Pompeu. 2020.
“Trophic Structure of a Fish Assemblage in a Reference Condition River
Located in a Polluted Watershed.” Environmental Biology of Fishes 103:
1437-1452. https://doi.org/10.1007/s10641-020-01032-6.

Araujo-Lima, C. A., B. R. Forsberg, R. Victoria, and L. Martinelli.
1986. “Energy Sources for Detritivorous Fishes in the Amazon.”
Science 234, no. 4781: 1256-1258. https://doi.org/10.1126/science.
234.4781.1256.

Baxter, C. V., K. D. Fausch, and W. C. Saunders. 2005. “Tangled Webs:
Reciprocal Flows of Invertebrate Prey Link Streams and Riparian

10 of 13

Freshwater Biology, 2026


https://doi.org/10.1007/s10641-020-01032-6
https://doi.org/10.1126/science.234.4781.1256
https://doi.org/10.1126/science.234.4781.1256

Zones.” Freshwater Biology 50, no. 2: 201-220. https://doi.org/10.1111/j.
1365-2427.2004.01328.x.

Brejao, G. L., P. Gerhard, and J. Zuanon. 2013. “Functional Trophic
Composition of the Ichthyofauna of Forest Streams in Eastern Brazilian
Amazon.” Neotropical Ichthyology 11, no. 2: 361-373. https://doi.org/10.
1590/S1679-62252013005000006.

Brito, J. S., E. C. Silva, V. R. S. Ferreira, et al. 2024. “The Importance
of National Parks in Maintaining the Habitat Integrity and Diversity of
Odonata Species in Amazonian Streams.” Journal of Insect Conservation
28, no. 2: 315-330. https://doi.org/10.1007/s10841-024-00478-4.

Cantanhéde, L. G., and L. F. de Assis Montag. 2024. “Effects of
Deforestation on Environmental Heterogeneity and Its Role in the
Distribution of Fish Species and Functional Groups in Amazonian
Streams.” Hydrobiologia 851: 327-341. https://doi.org/10.1007/s1075
0-023-05492-3.

Cardoso, A. C., and S. R. M. Couceiro. 2017. “Insects in the Diet of
Fish From Amazonian Streams, in Western Par4, Brazil.” Marine and
Freshwater Research 68, no. 12: 2052-2060. https://doi.org/10.1071/
MF16157.

Castello, L., and M. N. Macedo. 2015. “Large-Scale Degradation of
Amazonian Freshwater Ecosystems.” Global Change Biology 22, no. 3:
990-1007. https://doi.org/10.1111/gcb.13173.

Ceneviva-Bastos, M., C. G. Montana, C. M. Schalk, P. B. Camargo, and
L. Casatti. 2017. “Responses of Aquatic Food Webs to the Addition
of Structural Complexity and Basal Resource Diversity in Degraded
Neotropical Streams.” Austral Ecology 42, no. 3: 278-289. https://doi.
org/10.1111/aec.12439.

Coplen, T. B. 2011. “Guidelines and Recommended Terms for Expression
of Stable-Isotope-Ratio and Gas-Ratio Measurement Results.” Rapid
Communications in Mass Spectrometry 25, no. 17: 2538-2560. https://
doi.org/10.1002/rcm.5129.

Correa, S. B., and K. O. Winemiller. 2018. “Terrestrial-Aquatic
Trophic Linkages Support Fish Production in a Tropical Oligotrophic
River.” Oecologia 186, no. 4: 1069-1078. https://doi.org/10.1007/s0044
2-018-4086-5.

de Carvalho, D. R., C. B. M. Alves, M. Z. Moreira, and P. S. Pompeu. 2020.
“Trophic Diversity and Carbon Sources Supporting Fish Communities
Along a Pollution Gradient in a Tropical River.” Science of the Total
Environment 738:139878. https://doi.org/10.1016/j.scitotenv.2020.139878.

de Carvalho, D. R., D. M. P. de Castro, M. Callisto, M. Z. Moreira, G.
B. Nardoto, and P. S. Pompeu. 2017. “The Trophic Structure of Fish
Communities From Streams in the Brazilian Cerrado Under Different
Land Uses: An Approach Using Stable Isotopes.” Hydrobiologia 795:
199-217. https://doi.org/10.1007/s10750-017-3130-8.

de Carvalho, D. R., D. M. P. de Castro, M. Callisto, M. Z. Moreira, G. B.
Nardoto, and P. S. Pompeu. 2019. “Stable Isotopes and Stomach Content
Analyses Indicate Omnivorous Habits and Opportunistic Feeding
Behavior of an Invasive Fish.” Aquatic Ecology 53: 365-381. https://doi.
0rg/10.1007/510452-019-09687-3.

de Carvalho, D. R., D. M. P. de Castro, M. Callisto, M. Z. Moreira, and
P. S. Pompeu. 2015. “Isotopic Variation in Five Species of Stream Fishes
Under the Influence of Different Land Uses.” Journal of Fish Biology 87,
no. 3: 559-578. https://doi.org/10.1111/jfb.12736.

de Carvalho, D. R., C. G. Leal, N. T. Junqueira, et al. 2017. “A Fish-Based
Multimetric Index for Brazilian Savanna Streams.” Ecological Indicators
77: 386-396. https://doi.org/10.1016/j.ecolind.2017.02.032.

DeNiro, M., and S. Epstein. 1981. “Influence of Diet on the Distribution
of Nitrogen Isotopes in Animals.” Geochimica et Cosmochimica Acta 45,
no. 3: 341-351. https://doi.org/10.1016/0016-7037(81)90244-1.

Domingues, T. F., J. A. Berry, L. A. Martinelli, J. P. H. B. Ometto, and J.
R. Ehleringer. 2005. “Parameterization of Canopy Structure and Leaf-
Level Gas Exchange for an Eastern Amazonian Tropical Rain Forest

(Tapajos National Forest, Pard, Brazil).” Earth Interactions 9, no. 17:
1-23. https://doi.org/10.1175/EI1149.1.

Espirito-Santo, H. M. V., W. E. Magnusson, J. Zuanon, F. P. Mendonca,
and V. L. Landeiro. 2009. “Seasonal Variation in the Composition of
Fish Assemblages in Small Amazonian Forest Streams: Evidence for
Predictable Changes.” Freshwater Biology 54, no. 3: 536-548. https://
doi.org/10.1111/j.1365-2427.2008.02129.x.

Esteves, K. E., J. M. R. Aranha, and M. P. Albrecht. 2021. “Ecologia
Trofica de Peixes de Riacho: Uma Releitura 20 Anos Depois.” Oecologia
Australis 25, no. 2: 266-282. https://doi.org/10.4257/0ec0.2021.2502.06.

Ferreira, A., J. E. P. Cyrino, P. J. Duarte-Neto, and L. A. Martinelli.
2012. “Permeability of Riparian Forest Strips in Agricultural, Small
Subtropical Watersheds in South-Eastern Brazil.” Marine and
Freshwater Research 63, no. 12: 1272-1282. https://doi.org/10.1071/
MF12092.

Ferreira, A., F. R. de Paula, S. F. de Barros Ferraz, et al. 2011. “Riparian
Coverage Affects Diets of Characids in Neotropical Streams.” Ecology
of Freshwater Fish 21, no. 1: 12-22. https://doi.org/10.1111/j.1600-0633.
2011.00518.x.

Forsberg, B.R., C. A.R. M. Araujo-Lima, L. A. Martinelli, R. L. Victoria,
and J. A. Bonassi. 1993. “Autotrophic Carbon Sources for Fish of the
Central Amazon.” Ecology 74, no. 3: 643-652. https://doi.org/10.2307/
1940793.

Fry, B. 2006. Stable Isotope Ecology, 308. Springer. https://doi.org/10.
1007/0-387-33745-8.

Fry, B., and E. B. Sherr. 1984. “!3C Measurements as Indicators of
Carbon Flow in Marine and Freshwater Ecosystems.” In Contributions
in Marine Science, pp. 13-47.

Gardner, T. A., J. Ferreira, J. Barlow, et al. 2013. “A Social and Ecological
Assessment of Tropical Land Uses at Multiple Scales: The Sustainable
Amazon Network.” Philosophical Transactions of the Royal Society, B:
Biological Sciences 368, no. 1619: 20120166. https://doi.org/10.1098/rstb.
2012.0166.

Ibaiiez, C., P. A. Tedesco, R. Bigorne, et al. 2007. “Dietary-Morphological
Relationships in Fish Assemblages of Small Forested Streams in the
Bolivian Amazon.” Aquatic Living Resources 20, no. 2: 131-142. https://
doi.org/10.1051/alr:2007026.

Jackson, A. L., R.Inger, A. C. Parnell, and S. Bearhop. 2011. “Comparing
Isotopic Niche Widths Among and Within Communities: SIBER -
Stable Isotope Bayesian Ellipses in R.” Journal of Animal Ecology 80,
no. 3: 595-602. https://doi.org/10.1111/j.1365-2656.2011.01806.x.

Kaufmann, P. R., P. Levine, E. G. Robison, C. Seeliger, and D. V. Peck.
1999. “Quantifying Physical Habitat in Wadeable Streams (EPA/620/
R-99/003).” U.S. Environmental Protection Agency.

Kensley, B., and I. Walker. 1982. “Palaemonid Shrimps From the
Amazon Basin, Brazil (Crustacea: Decapoda: Natantia).” In Smithsonian
Contributions to Zoology, 362. Smithsonian Institution Press. https://
doi.org/10.5479/si.00810282.362.

Lamberti, G. A., S. A. Entrekin, N. A. Griffiths, and S. D. Tiegs. 2017.
“Coarse Particulate Organic Matter: Storage, Transport, and Retention.”
In Methods in Stream Ecology, edited by G. A. Lamberti and F. R. Hauer,
vol. 2, 32 ed., 55-69. Academic Press. https://doi.org/10.1016/B978-0-
12-813047-6.00004-8.

Layman, C. A., D. A. Arrington, C. G. Montaiia, and D. M. Post. 2007.
“Can Stable Isotope Ratios Provide for Community-Wide Measures of
Trophic Structure?” Ecology 88, no. 1: 42-48. https://doi.org/10.1890/
0012-9658(2007)88[42:CSIRPF]2.0.CO;2.

Leal, C. G., J. Barlow, T. A. Gardner, et al. 2017. “Is Environmental
Legislation Conserving Tropical Stream Faunas? A Large-Scale
Assessment of Local, Riparian and Catchment-Scale Influences on
Amazonian Fish.” Journal of Applied Ecology 55, no. 3: 1312-1326.
https://doi.org/10.1111/1365-2664.13028.

Freshwater Biology, 2026

11 of 13


https://doi.org/10.1111/j.1365-2427.2004.01328.x
https://doi.org/10.1111/j.1365-2427.2004.01328.x
https://doi.org/10.1590/S1679-62252013005000006
https://doi.org/10.1590/S1679-62252013005000006
https://doi.org/10.1007/s10841-024-00478-4
https://doi.org/10.1007/s10750-023-05492-3
https://doi.org/10.1007/s10750-023-05492-3
https://doi.org/10.1071/MF16157
https://doi.org/10.1071/MF16157
https://doi.org/10.1111/gcb.13173
https://doi.org/10.1111/aec.12439
https://doi.org/10.1111/aec.12439
https://doi.org/10.1002/rcm.5129
https://doi.org/10.1002/rcm.5129
https://doi.org/10.1007/s00442-018-4086-5
https://doi.org/10.1007/s00442-018-4086-5
https://doi.org/10.1016/j.scitotenv.2020.139878
https://doi.org/10.1007/s10750-017-3130-8
https://doi.org/10.1007/s10452-019-09687-3
https://doi.org/10.1007/s10452-019-09687-3
https://doi.org/10.1111/jfb.12736
https://doi.org/10.1016/j.ecolind.2017.02.032
https://doi.org/10.1016/0016-7037(81)90244-1
https://doi.org/10.1175/EI149.1
https://doi.org/10.1111/j.1365-2427.2008.02129.x
https://doi.org/10.1111/j.1365-2427.2008.02129.x
https://doi.org/10.4257/oeco.2021.2502.06
https://doi.org/10.1071/MF12092
https://doi.org/10.1071/MF12092
https://doi.org/10.1111/j.1600-0633.2011.00518.x
https://doi.org/10.1111/j.1600-0633.2011.00518.x
https://doi.org/10.2307/1940793
https://doi.org/10.2307/1940793
https://doi.org/10.1007/0-387-33745-8
https://doi.org/10.1007/0-387-33745-8
https://doi.org/10.1098/rstb.2012.0166
https://doi.org/10.1098/rstb.2012.0166
https://doi.org/10.1051/alr:2007026
https://doi.org/10.1051/alr:2007026
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.5479/si.00810282.362
https://doi.org/10.5479/si.00810282.362
https://doi.org/10.1016/B978-0-12-813047-6.00004-8
https://doi.org/10.1016/B978-0-12-813047-6.00004-8
https://doi.org/10.1890/0012-9658(2007)88%5B42:CSIRPF%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88%5B42:CSIRPF%5D2.0.CO;2
https://doi.org/10.1111/1365-2664.13028

Leal, C. G., P. S. Pompeu, T. A. Gardner, et al. 2016. “Multi-Scale
Assessment of Human-Induced Changes to Amazonian Instream
Habitats.” Landscape Ecology 31, no. 8: 1725-1745. https://doi.org/10.
1007/510980-016-0358-x.

Leitdao, R. P., J. Zuanon, D. Mouillot, et al. 2018. “Disentangling the
Pathways of Land Use Impacts on the Functional Structure of Fish
Assemblages in Amazon Streams.” Ecography 41, no. 1: 219-232.
https://doi.org/10.1111/ecog.02845.

Leite, R. G., C. A.R. M. Aratjo-Lima, R. L. Victoria, and L. A. Martinelli.
2002. “Stable Isotope Analysis of Energy Sources for Larvae of Eight
Fish Species From the Amazon Floodplain.” Ecology of Freshwater Fish
11: 56-63.

Lowe-McConnell, R. H. 1999. Ecological Studies in Tropical Fish
Communities. Cambridge University Press.

Machado-Silva, F., V. Neres-Lima, A. F. Oliveira, and T. P. Moulton.
2022. “Forest Cover Controls the Nitrogen and Carbon Stable Isotopes
of Rivers.” Science of the Total Environment 817: 152943. https://doi.org/
10.1016/j.scitotenv.2022.152943.

MAPBIOMAS Project. 2024. Collection 9 of Brazilian Land Cover and
Use Map Series. Sao Paulo. https://mapbiomas.org/.

Martinelli, L. A., J. P. H. B. Ometto, E. S. B. Ferraz, R. L. Victoria, P. B.
Camargo, and M. Z. Moreira. 2009. Desvendando questées ambientais
com isétopos estaveis. Oficina de Textos.

McClain, M. E., and H. Elsenbeer. 2001. “Terrestrial Inputs to
Amazon Streams and Internal Biogeochemical Processing.” In The
Biogeochemistry of the Amazon Basin, edited by M. E. McClain, R. L.
Victoria, and J. E. Richey, 185-208. Oxford University Press. https://doi.
0rg/10.1093/0s0/9780195114317.003.0015.

Montag, L. F. A., H. Ledo, N. L. Benone, et al. 2019. “Contrasting
Associations Between Habitat Conditions and Stream Aquatic
Biodiversity in a Forest Reserve and Its Surrounding Area in the
Eastern Amazon.” Hydrobiologia 826: 263-277. https://doi.org/10.1007/
$10750-018-3738-1.

Mortillaro, J. M., M. Pouilly, M. Wach, C. E. C. Freitas, G. Abril, and T.
Meziane. 2015. “Trophic Opportunism of Central Amazon Floodplain
Fish.” Freshwater Biology 60: 1659-1670.

Newsome, S. D., C. M. del Rio, S. Bearhop, and D. L. Phillips. 2007. “A
Niche for Isotopic Ecology.” Frontiers in Ecology and the Environment
5:429-436.

Nielsen, J. M., E. L. Clare, B. Hayden, M. T. Brett, and P. Kratina. 2018.
“Diet Tracing in Ecology: Method Comparison and Selection.” Methods
in Ecology and Evolution 9: 278-291. https://doi.org/10.1111/2041-210X.
12869.

Paiva, L. C,, D. R. de Carvalho, F. F. Ferreira, et al. 2024. “Trophic
Ecology of a Small Characid Reflects the Degradation of a Basin After
the Rupture of an Ore Tailings Dam.” Aquatic Ecology 59: 349-362.
https://doi.org/10.1007/s10452-024-10550-1.

Parnell, A. C., R. Inger, S. Bearhop, and A. L. Jackson. 2013. “Source
Partitioning Using Stable Isotopes: Coping With Too Much Variation.”
PLoS One 8, no. 10: €75760. https://doi.org/10.1371/journal.pone.
0075760.

Paul, D., G. Skrzypek, and I. Forizs. 2007. “Normalization of Measured
Stable Isotopic Compositions to Isotope Reference Scales — A Review.”
Rapid Communications in Mass Spectrometry 21, no. 18: 3006-3014.
https://doi.org/10.1002/rcm.3187.

Peck, D. V., A. T. Herlihy, B. H. Hill, et al. 2006. “Environmental
Monitoring and Assessment Program: Surface Waters Western Pilot
Study—Field Operations Manual for Wadeable Streams (EPA 620/R-
06/003).” U.S. Environmental Protection Agency.

Pereira, A. L., and E. Benedito. 2007. “Is6topos Estaveis em Estudos
Ecolégicos: Métodos, Aplicagdes e Perspectivas.” Revista Biociéncias
(Taubaté) 13: 16-27.

Perkins, M. J., R. A. McDonald, F. J. F. van Veen, S. D. Kelly, G. Rees,
and S. Bearhop. 2014. “Application of Nitrogen and Carbon Stable
Isotopes (8'°N and 8'3*C) to Quantify Food Chain Length and Trophic
Structure.” PLoS One 9, no. 3: €93281. https://doi.org/10.1371/journal.
pone.0093281.

Phillips, D. L., R. Inger, S. Bearhop, et al. 2014. “Best Practices for Use of
Stable Isotope Mixing Models in Food-Web Studies.” Canadian Journal
of Zoology 92, no. 10: 823-835. https://doi.org/10.1139/cjz-2014-0127.

Pompeu, P.d. S., and H. P. Godinho. 2006. “Effects of Extended Absence
of Flooding on the Fish Assemblages of Three Floodplain Lagoons in
the Middle Sao Francisco River, Brazil.” Neotropical Ichthyology 4, no. 4:
427-433. https://doi.org/10.1590/s1679-62252006000400006.

Pompeu, P. S., D. R. de Carvalho, C. G. Leal, et al. 2021. “Sampling
Efforts for Determining Fish Species Richness in Megadiverse Tropical
Regions.” Environmental Biology of Fishes 104: 1487-1499. https://doi.
0rg/10.1007/s10641-021-01184-7.

Post, D. M. 2002. “Using Stable Isotopes to Estimate Trophic Position:
Models, Methods, and Assumptions.” Ecology 83: 703-718. https://doi.
0rg/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2.

Quezada-Romegialli, C., A. L. Jackson, B. Hayden, K. K. Kahilainen,
C. Lopes, and C. Harrod. 2018. “tRophicPosition, an R Package for the
Bayesian Estimation of Trophic Position From Consumer Stable Isotope
Ratios.” Methods in Ecology and Evolution 9, no. 6: 1592-1599. https://
doi.org/10.1111/2041-210X.12987.

R Core Team. 2024. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-proje
ct.org/.

Sabino, J., and J. Zuanon. 1998. “A Stream Fish Assemblage in Central
Amazonia: Distribution, Activity Patterns and Feeding Behavior.”
Ichthyological Exploration of Freshwaters 8, no. 3: 201-210.

Saito, V. S., P. Kratina, G. Barbosa, et al. 2024. “Untangling the Complex
Food Webs of Tropical Rainforest Streams.” Journal of Animal Ecology
93, no. 8: 1022-1035. https://doi.org/10.1111/1365-2656.14121.

Schimmelmann, A., H. Qi, T. B. Coplen, et al. 2016. “Organic Reference
Materials for Hydrogen, Carbon, and Nitrogen Stable Isotope-Ratio
Measurements: Caffeines, n-Alkanes, Fatty Acid Methyl Esters,
Glycines, 1-Valines, Polyethylenes, and Oils.” Analytical Chemistry 88,
no. 8: 4294-4302. https://doi.org/10.1021/acs.analchem.5b04569.

Schimmelmann, A., H. Qi, P. J. H. Dunn, et al. 2020. “Food Matrix
Reference Materials for Hydrogen, Carbon, Nitrogen, Oxygen, and
Sulfur Stable Isotope-Ratio Measurements: Collagens, Flours, Honeys,
and Vegetable Oils.” Journal of Agricultural and Food Chemistry 68, no.
39: 10852-10864. https://doi.org/10.1021/acs.jafc.0c05014.

Seabra, L. B., S. Huckembeck, T. M. S. Freitas, et al. 2025. “Variation in
Basal Sources Contribution to the Diet of a Predator Fish in an Altered
Flood Pulse Area in the Amazon.” Hydrobiologia 852: 909-925. https://
doi.org/10.1007/s10750-024-05736-7.

Urbano, V. A., G. H. Z. Alves, P. S. Pompeu, B. B. Contieri, and E.
Benedito. 2024. “Fish Acting as Sinks of Methane-Derived Carbon in
Neotropical Floodplains.” Science of the Total Environment 959: 178231.
https://doi.org/10.1016/j.scitotenv.2024.178231.

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell, and C.
E. Cushing. 1980. “The River Continuum Concept.” Canadian Journal
of Fisheries and Aquatic Sciences 37, no. 1: 130-137. https://doi.org/10.
1139/80-017.

Vieira, T.B., C.S. Pavanelli, L. Casatti, et al. 2018. “A Multiple Hypothesis
Approach to Explain Species Richness Patterns in Neotropical Stream-
Dweller Fish Communities.” PLoS One 13, no. 9: €0204114. https://doi.
org/10.1371/journal.pone.0204114.

Zeni,J. O.,and L. Casatti. 2014. “The Influence of Habitat Homogenization
on the Trophic Structure of Fish Fauna in Tropical Streams.” Hydrobiologia
726: 259-270. https://doi.org/10.1007/s10750-013-1772-6.

12 of 13

Freshwater Biology, 2026


https://doi.org/10.1007/s10980-016-0358-x
https://doi.org/10.1007/s10980-016-0358-x
https://doi.org/10.1111/ecog.02845
https://doi.org/10.1016/j.scitotenv.2022.152943
https://doi.org/10.1016/j.scitotenv.2022.152943
https://mapbiomas.org/
https://doi.org/10.1093/oso/9780195114317.003.0015
https://doi.org/10.1093/oso/9780195114317.003.0015
https://doi.org/10.1007/s10750-018-3738-1
https://doi.org/10.1007/s10750-018-3738-1
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1007/s10452-024-10550-1
https://doi.org/10.1371/journal.pone.0075760
https://doi.org/10.1371/journal.pone.0075760
https://doi.org/10.1002/rcm.3187
https://doi.org/10.1371/journal.pone.0093281
https://doi.org/10.1371/journal.pone.0093281
https://doi.org/10.1139/cjz-2014-0127
https://doi.org/10.1590/s1679-62252006000400006
https://doi.org/10.1007/s10641-021-01184-7
https://doi.org/10.1007/s10641-021-01184-7
https://doi.org/10.1890/0012-9658(2002)083%5B0703:USITET%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B0703:USITET%5D2.0.CO;2
https://doi.org/10.1111/2041-210X.12987
https://doi.org/10.1111/2041-210X.12987
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/1365-2656.14121
https://doi.org/10.1021/acs.analchem.5b04569
https://doi.org/10.1021/acs.jafc.0c05014
https://doi.org/10.1007/s10750-024-05736-7
https://doi.org/10.1007/s10750-024-05736-7
https://doi.org/10.1016/j.scitotenv.2024.178231
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1371/journal.pone.0204114
https://doi.org/10.1371/journal.pone.0204114
https://doi.org/10.1007/s10750-013-1772-6

Zuluaga-Gémez, M. A., D. B. Fitzgerald, T. Giarrizzo, et al. 2016.
“Morphologic and Trophic Diversity of Fish Assemblages in Rapids of
the Xingu River, a Major Amazon Tributary and Region of Endemism.”
Environmental Biology of Fishes 99: 647-658. https://doi.org/10.1007/
$10641-016-0530-7.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Number of fish samples
collected at stream sites for Stable Isotope Analysis (SIA) and voucher
specimens deposited in the Fish Collection of the Federal University
of Lavras (CI-UFLA). Fish species were classified into trophic guilds
following Leal et al. (2017). Table S2: (A) Results of statistical tests
assessing differences in 8'3C and 8'°N values among stream sites for
each food resource. ANOVA or Kruskal-Wallis tests were applied de-
pending on data normality and homoscedasticity. MA (macrophytes),
BI (benthic invertebrates), TI (terrestrial insects), AL (filamentous
algae), CPOM (coarse particulate organic matter), RV (riparian vegeta-
tion), SH (shrimp), PE (periphyton), and FPOM (fine particulate organic
matter). (B) Mean 8'3C and 8'°N values of fish assemblages and food
resources, with their respective standard deviations (SD), across stream
sites. AL (filamentous algae), BI (benthic invertebrates), SH (shrimp),
CPOM (coarse particulate organic matter), FPOM (fine particulate or-
ganic matter), TI (terrestrial invertebrates), MA (macrophytes), PE (pe-
riphyton), RV (riparian vegetation), and FH (fish). Table S3: Results
of statistical tests assessing whether the proportional contribution of
assimilated energy sources differed among stream sites. ANOVA or
Kruskal-Wallis tests were applied depending on data normality and ho-
moscedasticity. TI (terrestrial invertebrates), BI (benthic invertebrates),
SH (shrimp), FH (fish), CPOM (coarse particulate organic matter), AL
(filamentous algae), PE (periphyton), and FPOM (fine particulate or-
ganic matter). Table S4: Mean proportional contribution and standard
deviation (SD) of assimilated resources for each fish consumer across
stream sites. T1I (terrestrial invertebrates), BI (benthic invertebrates), SH
(shrimp), FH (fish), CPOM (coarse particulate organic matter), FPOM
(fine particulate organic matter), PE (periphyton), and AL (filamentous
algae). Panels (A-E) correspond to stream sites: (A) S1, (B) S2, (C) S3,
(D) S4, and (E) S5. Table S5: Mean proportional contribution and stan-
dard deviation (SD) of assimilated resources for benthic invertebrates
across stream sites. FPOM (fine particulate organic matter), CPOM
(coarse particulate organic matter), and PE (periphyton). Table S6:
Standard Ellipse Area Bayesian (SEAD) estimates for each stream site,
including mean, median, and 95% and 99% credible intervals (CI).
Table S7: Pairwise Bayesian probabilities comparing Layman trophic
metrics among stream sites. Values represent the posterior probability
that metric A is greater than metric B. NR (nitrogen range), CR (carbon
range), TA (total area), CD (centroid distance), MNND (mean nearest
neighbour distance), and SDNND (standard deviation of nearest neigh-
bour distance). Table S8: Trophic position of each fish species across
stream sites. Table S9: Pairwise comparisons of trophic position among
sampling sites, showing estimated differences, 95% credible intervals
(CI), and adjusted p-values. Figure S1: Proportional contribution of as-
similated resources by benthic invertebrates across stream sites in the
Curua-Una Basin, Pard, Brazil.
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