',\' frontiers

in Ecology and Evolution

ORIGINAL RESEARCH
published: 16 September 2021
doi: 10.3389/fevo.2021.723026

OPEN ACCESS

Edited by:

Thiago Gongalves-Souza,
Federal Rural University
of Pernambuco, Brazil

Reviewed by:

Alejandro Casas,

Universidad Nacional Auténoma
de Meéxico, Mexico

Eugene Anderson,

University of California, Riverside,
United States

*Correspondence:
Paula Evelyn Rubira Pereyra
paulinharubira@hotmail.com

Specialty section:

This article was submitted to
Conservation and Restoration
Ecology,

a section of the journal

Frontiers in Ecology and Evolution

Received: 09 June 2021
Accepted: 26 August 2021
Published: 16 September 2021

Citation:

Pereyra PER, Hallwass G,

Poesch M and Silvano RAM (2021)
“Taking Fishers” Knowledge to the
Lab’: An Interdisciplinary Approach

to Understand Fish Trophic
Relationships in the Brazilian Amazon.
Front. Ecol. Evol. 9:723026.

doi: 10.3389/fev0.2021.723026

Check for
updates

‘Taking Fishers’ Knowledge to the
Lab’: An Interdisciplinary Approach
to Understand Fish Trophic
Relationships in the Brazilian
Amazon

Paula Evelyn Rubira Pereyra’*, Gustavo Hallwass?3, Mark Poesch* and
Renato Azevedo Matias Silvano'3

" Human Ecology and Fish Laboratory, Department of Ecology, Institute of Biosciences, Federal University of Rio Grande do
Sul, Porto Alegre, Brazil, ? Human Ecology, Fish, Fisheries and Conservation Laboratory, Institute of Biosciences, Federal
University of Western Para, Santarém, Brazil, ° Fisheries and Food Institute, Rio de Janeiro, Brazil, * Fisheries and Aquatic
Conservation Laboratory, Department of Renewable Resources, University of Alberta, Edmonton, AB, Canada

Trophic levels can be applied to describe the ecological role of organisms in food
webs and assess changes in ecosystems. Stable isotopes analysis can assist in the
understanding of trophic interactions and use of food resources by aquatic organisms.
The local ecological knowledge (LEK) of fishers can be an alternative to advance
understanding about fish trophic interactions and to construct aquatic food webs,
especially in regions lacking research capacity. The objectives of this study are: to
calculate the trophic levels of six fish species important to fishing by combining data
from stable isotopes analysis and fishers’ LEK in two clear water rivers (Tapajoés and
Tocantins) in the Brazilian Amazon; to compare the trophic levels of these fish between
the two methods (stable isotopes analysis and LEK) and the two rivers; and to develop
diagrams representing the trophic webs of the main fish prey and predators based
on fisher’'s LEK. The fish species studied were Pescada (Plagioscion squamosissimus),
Tucunaré (Cichla pinima), Piranha (Serrasalmus rhombeus), Aracu (Leporinus fasciatus),
Charuto (Hemiodus unimaculatus), and Jaraqui (Semaprochilodus spp.). A total of 98
interviews and 63 samples for stable isotopes analysis were carried out in both rivers.
The average fish trophic levels did not differ between the stable isotopes analysis and the
LEK in the Tapajds, nor in the Tocantins Rivers. The overall trophic level of the studied
fish species obtained through the LEK did not differ from data obtained through the
stable isotopes analysis in both rivers, except for the Aracu in the Tapajés River. The
main food items consumed by the fish according to fishers’ LEK did agree with fish
diets as described in the biological literature. Fishers provided useful information on
fish predators and feeding habits of endangered species, such as river dolphin and
river otter. Collaboration with fishers through LEK studies can be a viable approach
to produce reliable data on fish trophic ecology to improve fisheries management
and species conservation in tropical freshwater environments and other regions with
data limitations.
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INTRODUCTION

Freshwater environments can be considered the most altered and
threatened in the world (Geist, 2011; Reid et al., 2019; Albert et al.,
2020). Due to the human interaction and dependence on riverine
environments, populations of aquatic organisms are vulnerable
to the effects of increasing environmental and anthropogenic
changes, such as long and unusual periods of drought (climate
change), dams, mining, habitat change (deforestation), and
overfishing (Castilhos et al., 1998; Junk et al., 2007; Malhi et al.,
2008; Latrubesse et al., 2017; Arantes et al., 2019a). The lack
of available data, combined with scarce financial and human
resources, are among the main current problems affecting the
management of freshwater ecosystems (Castello et al., 2013;
Cavole et al., 2015). Therefore, research on the ecology of
freshwater environments is essential for the conservation of
these aquatic ecosystems and the maintenance of their ecosystem
services (Barletta et al., 2010).

One way to monitor and to evaluate environmental
changes, both natural and anthropogenic, consists of studies on
ecosystems’ trophic structure (Newsome et al., 2010; Andrade
et al., 2019; Melo et al., 2019). The trophic level consists on the
position occupied by the organism in the food web (Lindeman,
1942). In this sense, the ecological role of organisms can be
described through the calculation of their trophic level (Post,
2002; Quezada-Romegialli et al.,, 2018). The trophic level also
allows for the assessment of ecological effects of fishing, to the
extent that some organisms, such as top predators (large fish),
are selectively removed from the aquatic food webs (Pauly et al.,
1998; Shin et al., 2005). These selective removals can alter the
structure of the food webs, thus affecting the flow of matter and
energy in the environments (Andersen and Pedersen, 2010; Loh
et al., 2015). Some effects of these removals may be the trophic
cascades (Scheffer et al., 2005; Myers et al., 2007), on which a
consumer-resource interaction indirectly influences the other
trophic levels (Paine, 1980; Estes et al., 2011). Another possible
effect is the simplification of food webs, on which there is a
decline in species with higher trophic levels (Estes et al., 2011).
These effects (trophic cascades, simplification of food webs) can
have consequences even for non-exploited species (Pauly et al.,
1998; Estes et al., 2011).

A method that has been used to study aquatic food webs
consists on the stable isotopes analysis, which can assist in the
understanding of trophic interactions and use of food resources
by organisms (Fry, 2006; Pereyra et al., 2016; Arantes et al,
2019b). The stable isotopes analysis allows a determination of
the part of the diet that was consumed and assimilated by the
organisms (De Niro and Epstein, 1978; Newsome et al., 2009;
Carvalho etal., 2018). The carbon isotope allows to trace the main
basal energy sources assimilated by the organisms (Fry, 2006;
Correa and Winemiller, 2018; Costa et al., 2020). Conversely,
nitrogen values predictably increase from prey to predator
(Minagawa and Wada, 1984), being thus used to calculate the
trophic position along the food chain, or the trophic level (Post,
2002; Olivar et al., 2018; Chiang et al., 2020).

However, the technique of stable isotopes analysis requires
specialized machinery, detailed protocols and a considerably

amount of processing time. Therefore, the local ecological
knowledge (LEK) of fishers can be a reliable and alternative
approach to advance understanding about fish trophic
interactions and to construct aquatic food webs (Silvano
and Begossi, 2002; Gerhardinger et al., 2006; Batista and Lima,
2010; Nunes et al, 2011; Ramires et al, 2015; Souza et al,
2020). Fishers' LEK, which can be propagated over time by
cultural transmission (Berkes, 1999; Diamond, 2001), can
provide useful information about aquatic animals and their
behaviors (Huntington, 2000; Johannes et al., 2008; Herbst
and Hanazaki, 2014). Such information from fishers LEK,
which can be mixed or incorporated into conventional research
data, can be an important source for creating new ecological
hypotheses (Silvano and Valbo-Jorgensen, 2008; Turvey et al.,
2010). Among its many applications, fishers’ LEK can contribute
to identify environmental changes and assess impacts from
development projects on fisheries resources (Hallwass et al.,
2013; Baird et al., 2020; Runde et al., 2020; Santos et al., 2020),
to calculate fish trophic level and to indicate patterns of mercury
bioaccumulation in fish (Silvano and Begossi, 2016), besides
providing needed data on the abundance patterns, occurrence
and distribution of threatened species (Bender et al, 2014;
Zapelini et al., 2017; Lopes et al., 2018; Freitas et al., 2020;
Hallwass et al., 2020b; Ribeiro et al., 2021).

In the Amazon region, studies applying stable isotopes analysis
to analyze trophic relationships have been conducted mainly
in white and black water rivers (Araujo-Lima et al, 1986;
Oliveira et al., 2006; Mortillaro et al., 2015; Aguiar-Santos et al.,
2018; Carvalho et al., 2018), whereas fewer studies have been
conducted in clear water rivers (Zuluaga-Gomez et al., 2016;
Andrade et al, 2019). Clear water basins covering 27.3% of
the total area of the Amazon basin and are the most impacted
basins of the Amazon (Goulding et al., 2003). In the Brazilian
Amazon, there are two large protected areas, besides indigenous
lands, in the region of the Lower Tapajos, which is a clear
water river (Keppeler et al., 2017). However, dams and other
projects are planned in the upstream region of the Tapajds River
and its tributaries, including some projects already approved
and built, which represent a challenge for the conservation of
aquatic biodiversity (Fearnside, 2015; Winemiller et al., 2016;
Athayde et al., 2019; Runde et al., 2020). The Tocantins River,
which is another clear water river, can be considered one of the
most impacted sub-basins in the Brazilian Amazon (Barthem
et al., 2005), mainly due to the high rates of deforestation and
the construction of highways and dams, which have caused
several environmental and social impacts affecting both fish and
riverine people (Fearnside, 1999, 2001; Hallwass et al., 2013). The
installation of several hydroelectric projects in the Tocantins-
Araguaia river basin since the 1980s, associated with high rates
of deforestation for agricultural expansion, can have numerous
effects on the trophic ecology of animals, such as disruption of
food webs, alterations on the abundance of prey and predators,
altering the functional diversity of fish (Mérona et al., 2001;
Arantes et al., 2019a; Melo et al., 2019).

The main objectives of this study are to investigate the trophic
structure of the ichthyofauna by calculating the trophic level
of six fish species relevant for small scale fisheries, to compare
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fish trophic level data obtained from different methods, stable
isotopes analysis and fisher’s LEK, and to compare fish trophic
level values and trophic structure between two clear water rivers
in the Brazilian Amazon (Tapajos and Tocantins) that differ on
environmental integrity and history of environmental impacts.
Another objective is to construct diagrams representing the
trophic webs of the main prey and predators of fish based on the
fisher’s LEK and to compare these LEK data with the literature,
in the two studied rivers. We tested the following hypotheses:
(1) the trophic level of the fish obtained through the LEK will be
consistent with the data obtained in the stable isotopes analysis.
A previous study indicates that the trophic levels of fish species,
including Amazonian fish, calculated through the fishers’ LEK
are consistent with the trophic levels recorded in the literature
(Silvano and Begossi, 2016). In the present study, we will use an
approach that considers what was assimilated by the organisms
through the stable isotopes analysis (Newsome et al., 2009), thus
calculating the trophic level based on nutrients assimilated to
support the consumer fish (Fry, 2006), but from the same species
in the same sites where we conducted the fishers’ LEK survey; (2)
Due to a more accentuated history of environmental impacts in
the Tocantins river basin, we expect that fishers would mention
less food items and predators for the studied fish in the Tocantins
than in the Tapajos River.

MATERIALS AND METHODS
Study Area

The clear water rivers Tapajos and Tocantins have transparent
and greenish waters with low amounts of sediments and dissolved
solids (Junk and Piedade, 2010). The acidity of the waters in
clear water rivers can vary between pH 5 and 6 depending on
the river stretch (Sioli, 1984; Junk et al., 2007). Both the basins
of the Tapajos River (490.000 km?) and the Tocantins-Araguaia
River (757.000 km?) are entirely located within the Brazilian
territory (Latrubesse et al., 2005). Both rivers originate in the
central Brazilian plateau (Cerrado biome) and have their mouth
and most of their course running through the Amazon Forest
(Scoles, 2014). In the areas of flooded vegetation of these rivers
there is a highly specialized flora with two types of vegetation:
flooded rain forest (Salomao et al.,, 2007) and alluvial riparian
vegetation (Veloso et al., 1991).

Study Population

The population that was studied in both rivers belongs to
the “caboclos” cultural group, who are also called “ribeirinhos”
(riverine people). These people are descendants of indigenous
Brazilians and Portuguese colonizers, but more recently there
has been an immigration of people from the northeast of Brazil
(Begossi, 1998). The small-scale fisheries are predominant in
these tropical rivers in the Brazilian Amazon (Bayley and Petrere,
1989; Hallwass et al., 2011, 2020a), where fishing is considered
to be amongst the most important economic activities, both
for subsistence and for commercialization, in addition to small-
scale agriculture and livestock (McGrath et al,, 2008; Runde
et al., 2020). The level of formal education of fishers limits their

reallocation to other economic activities not directly related to
the use of natural resources (Lima et al., 2012).

Interviews

The interviews were conducted in eight fishing communities in
the Tapajos River and five in the Tocantins River (13 communities
in total, Figure 1), respectively in September and October, 2018.
The communities that were selected to be included in the study
were located at least 5 km apart from each other and following
a distance gradient from the largest cities: Itaituba (PA) in the
Tapajos river and Maraba (PA) in the Tocantins river. When
arriving in the communities, community leaders were initially
contacted, the objectives of the work were explained to them,
and agreement and permission to conduct our research in the
community were requested. After agreeing with the research, the
community leader indicated the first fishers to be interviewed,
according to the minimum criteria for inclusion in the study:
fishing as a main activity, being older than 18 years of age, and
living in the region for at least 10 years. Fishers were interviewed
individually, usually in their homes and before each interview
the research was explained and consent was requested from the
fisher to participate in the interview. After the interview, the
interviewed fisher was solicited to indicate another fisher in
the community who would fits the same criteria, through the
snowball method, which has been successfully applied in previous
studies on fisher’s LEK in the Brazilian Amazon (Hallwass et al.,
2013, 2020b; Runde et al., 2020). The interviews were based on
a semi-structured questionnaire (Supplementary Material 3),
in which photos of the fish were shown, always in the same
order, following previous methods of ethnoecological studies
(Silvano and Begossi, 2002, Begossi, 2012). The questions asked
addressed the fisher’s socioeconomic profile and the questions
about fish analyzed in this study were: (a) What is the name of
this fish? (b) What does this fish eat? (c) Who eats this fish?
Six species, or groups of species that receive the same popular
name, were chosen, which occur both in the Tapajés river and in
the Tocantins river, because these fish belong to different trophic
level (according to the literature) and because they are important
for fishing (trade or consumption) (Hallwass et al., 2011, 2013,
2020a; Runde et al., 2020). The fish species chosen were Pescada
(Plagioscion squamosissimus), Tucunaré (Cichla pinima), Piranha
(Serrasalmus rhombeus), Aracu (Leporinus fasciatus), Charuto
(Hemiodus unimaculatus), and Jaraqui (Semaprochilodus spp.).
The species Jaraqui (Semaprochilodus spp.) was not collected
in the Tocantins river, hence it was not included in the stable
isotopes analysis comparison. This study was approved by the
ethics’ committees for studies with people (CONEP/CAAE:
82355618.0.0000.5347) and animals (CEUA: 34186) at the Federal
University of Rio Grande do Sul.

Fish Sampling

The fish were collected from lakes or river stretches close to
the communities where interviews were conducted (Figure 1).
The fish sampling was performed using two sets of fishing
nets (420 m? each), each set with different mesh sizes (ranging
from 15 to 80 mm between adjacent nodes), over 24 h. The
specimens were identified at the species level and the standard
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FIGURE 1 | Location of rivers, communities and sampling sites of interviews and fish samples for stable isotopes analysis in the Tapajos (A,C) and Tocantins (B,D)

length (SL-cm) and weight (g) were measured. In addition to fish,
samples from the benthic macrofauna (mollusks) were manually
collected, to be used as a baseline in isotopic models. All samples
were stored in plastic bags and preserved on ice until processed.

Processing

After collection, samples of antero-dorsal muscle tissue from
fish and of adductor muscle from mollusks were removed
for stable isotopes analysis. In the laboratory, these samples
were washed with distilled water and inspected to remove only
the tissue of interest. Afterward, each sample was placed in
a Petri dish, which was pre-sterilized in a hydrochloric acid
bath for 24 h, and then placed in the oven at 60° for 48 h.
After that, the samples were transformed into fine powder with

a mortar and pestle and sub-samples (approximately 1 mg)
were weighed on a precision scale (~ 1 mg) and stored in
ultrapure tin capsules (Elemental-D-1008). Sample readings were
performed with the Thermo iCAP6300 Duo isotope ratio mass
spectrometer (Cambridge, United Kingdom) at the University of
Alberta, Canada. The results were expressed in delta notation:
813C or 3"°N = [(Ramostra/Standard) -1] * 1000, where
R = 12C/13C/ or N/'N. The values obtained were compared
with reference standards for carbon (PeeDee Belemnite) and
nitrogen (atmospheric air) and their isotopic ratios 313¢, 5 °N)
expressed in per mil (%) (Fry, 2006). The internal standard of
known carbon and nitrogen composition was analyzed with each
sequence to assess the accuracy of the instrument. The standard
deviation was 8'3C = 0.05 %o and §'°N = 0.19 %.
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In some cases, samples may have a high lipid content,
which can influence 3'3C values (De Niro and Epstein, 1978;
Logan et al., 2008). There are two approaches to increase
the accuracy of §!°C measurements: lipids can be removed
chemically (Mintenbeck et al., 2008), or mathematical corrections
based on empirical equations can be used (Post et al., 2007). Lipid
extraction can affect 31°N values, as other non-lipid materials can
be removed (Pinnegar and Polunin, 1999; Sweeting et al., 2006;
Mintenbeck et al., 2008). This method is also time-consuming
and requires the use of hazardous materials, such as chloroform
(Elliott et al., 2014). Due to these limitations, mathematical
corrections have been quite effective and used for different types
of animals (Post et al.,, 2007; Ehrich et al., 2011; Elliott et al.,
2014; Olivar et al., 2018; Clark et al., 2019). Based on this, as all
fish samples showed a C: N ratio equal to or greater than 3.5 a
mathematical normalization was applied to correct the carbon
values, by using the equation A$!*C = -3.32 4+ 0.99 x C: N
(Post et al., 2007).

Data Analysis

The fish trophic level was calculated based on the fisher’s
LEK obtained through interviews by following the methodology
adopted in a previous study (Silvano and Begossi, 2016).
According to this methodology, food items were grouped into
main categories and a trophic level value was assigned to each
category: fruits and seeds (Trophic level = 2), other plants and
flowers (aquatic plants, leaves, and other plant parts, Trophic
level = 2), detritus (including mud and algae, Trophic level = 2),
terrestrial invertebrates (insects, spiders, earthworms, Trophic
level = 3), aquatic invertebrates (crustaceans, mainly shrimp,
Trophic level = 3), terrestrial vertebrates (birds, frogs, and others,
Trophic level = 4) and fish that could not be identified (Trophic
level = 4). First, the trophic level of each food item was multiplied
by the percentage of fishers who cited that item and the trophic
level of all items were summed. This sum was then divided by
the sum of the percentages of fisher who cited each item. For
example, fishers on the Tapajos river cited that the fish Charuto
(H. unimaculatus) eats vegetables (Trophic level = 2 cited by
13.65% of fishers), detritus (Trophic level = 2, 92.43% of fishers),
invertebrates (Trophic level = 3, 9.09% of fishers) and Piaba
(a general name for small fish) (Trophic level = 3.8, 1.52% of
fishers). Therefore, the Charuto trophic level was estimated as:
(2 % 13.65) + (2 * 92.43) + (3 * 9.09) + (3.8 * 1.52) = 245.26,
then 245.26/116.69 = 2.10. Considering that the basal food
items (plants) will have the value of 1, the lowest value of
calculated trophic level of the studied fish would be 2 (for a
strictly herbivorous fish) and the highest value would be 4 for a
piscivorous fish. Whenever possible to identify the species of fish
that were mentioned by fishers as prey, we calculated the trophic
position of these prey fish considering the food items mentioned
in the literature.

Fish trophic position value were also estimated through
stable isotope data using the “tRophicPosition” package in R
(Quezada-Romegialli et al.,, 2018). This method incorporates
Bayesian inference to calculate the trophic level of consumers
at the population level, considering the individual variability in
the data of stable isotopes. The trophic level of each species

was modeled using Monte Carlo via Markov chains (MCMC)
with 20,000 interactions and 20,000 adaptive samples in JAGS
4.3.0, using both isotopes of carbon and nitrogen. Two baselines
were used: the scraper mollusk of the genus Doryssa spp. was
chosen to represent the benthic baseline and the herbivorous fish
Hemiodus unimaculatus was chosen to be the baseline referring
to the pelagic pathway. The isotopic fractionation values used
for carbon (3°C) and nitrogen (31°N) were 0.39 + 1.3 and
3.4 £ 0.98, respectively (Post, 2002).

The paired t-test was calculated to determine if the average
trophic level values for all fish species analyzed were significantly
different between the fishers’ LEK data and the data generated
in the models by stable isotopes analysis, in both rivers. This
analysis has already been used in a previous study comparing
fish trophic level between fishers’ LEK data and the biological
literature (Silvano and Begossi, 2016). The t-test was performed
to compare the average number of prey and fish predators cited
by fishers between the two studied rivers. Before running ¢-tests,
the Shapiro-Wilk and the Levene tests both based on residuals
were performed to check normality and variance homogeneity
of data, respectively. All residuals’ tests indicated normality and
homogeneity of variances. All statistical analyzes were performed
using the R 4.0.3 software (R Development Core Team, 2021).

Diagrams were constructed to represent the trophic webs
of the main fish prey and predators based on the fisher’s LEK
and these data were compared with prey and predators of fish
according to the biological literature (Silvano and Begossi, 2002,
Begossi, 2012). These trophic webs included all fish prey cited
by fishers, whereas only those fish predators cited by more than
10% of fishers were included. This criterion was adopted to better
visualize the relationships between predators and prey, given the
higher variability of cited predators. The sum of cited prey or
predators may exceed 100%, as fishers could cite more than one
food item or predator for each fish species studied.

RESULTS

A total of 98 fishers were interviewed, 65 in the Tapajos river
and 33 in the Tocantins river, including 61 men and four women
in Tapajos and 30 men and three women in the Tocantins.
The average age of the fishers interviewed in the Tapajos River
was 47.2 years (£11.4 years), the average fishing experience
(time since started fishing) was 25.5 years (£11.9 years) and the
time residing in the region was 36.8 years (+15.3 years). The
average age of the fishers interviewed in the Tocantins River
was 56.5 years (+14 years), the average fishing experience was
34.8 years (£17.6 years) and the time residing in the region was
41.5 years (£16.3 years).

A total of 63 samples of fish and mollusks were analyzed
through stable isotopes analysis, including 40 samples from the
Tapajos river (34 fish and six mollusks) and 23 samples from
the Tocantins river (20 fish and three mollusks) (Table 1). The
mean trophic level considering all studied fish species did not
differ (+ = -0.58, df = 5, p = 0.96) between data from stable
isotopes analysis (2.84 £ 0.52) and fishers’ LEK (2.83 + 0.86)
in the Tapajos river (Figure 2A). Similarly, the mean trophic
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TABLE 1 | Mean and standard deviation (SD) of size (total length), number of samples (n) and values of stable isotopes of carbon (8'3C) and nitrogen (3'°N) of fish and

mollusks sampled in the Tapajos and Tocantins rivers.

Tapajos Tocantins
Fish (species) Common name Ecologicalguild n Size (+SD) 3§3C SD §®N SD n size(+SD) 8'°C SD §'°N SD
Cichla pinima Tucunaré Piscivorous 5 1340+054 -2994 132 13.02 0.73 3 10.583+0.06 -20.57 0.20 12.10 0.07
Hemiodus unimaculatus Charuto, Piau Herbivore 6 18.77+£086 -31.72 338 977 146 4 12.65+1.05 -23.36 2.00 10.18 1.63
Leporinus fasciatus Aracu Omnivorous 3 1483+1.19 -3156 1.08 11.71 023 4 16.09+2.82 -27.77 217 11.62 0.32
Plagioscion squamosissimus Pescada Piscivorous 6 28.62+197 -29.33 091 13.79 0.72 4 2465+213 -28.75 1.76 13.27 1.77
Semaprochilodus spp. Jaraqui Detritivores 9 2081319 -30.32 1.64 10.18 0.66
Serrasalmus rhombeus Piranha preta Piscivorous 5 1158+1.96 -2740 149 1403 024 5 10.46+2.84 -26.00 2.40 13.15 1.45
Mollusk (species)
Doryssa spp. 6 -2159 261 791 083 3 -26.33 0.09 8.05 0.07
Total 40 23
level did not differ (t = 0.48, df = 4, p = 0.66) between stable DISCUSSION

isotopes analysis (2.96 £ 0.33) and LEK (3.10 £ 0.88) in the
Tocantins river (Figure 2B). The trophic level values obtained
through the LEK did not differ from those obtained through the
stable isotopes analysis for all species in the Tocantins river and
nearly all species in the Tapajds river, except for Aracu L. fasciatus,
which had a lower trophic level according to LEK (Table 2).

The interviewed fishers cited 57 prey items and 22 fish
predators in the Tapajés River and 27 prey items and 18 fish
predators in the Tocantins river (Supplementary Tables 1, 2).
The average number of prey cited for the studied fish species
differed (t = 4.96, df = 97, p < 0.01) between fishers interviewed
in the Tapajés (1.97 = 0.46) and Tocantins (1.47 £ 0.45)
rivers (Figure 3A). Conversely, the average number of predators
cited did not differ (¢t = 0.88, df = 97, p = 0.38) between
fishers interviewed in the Tapajos (1.82 £ 0.68) and Tocantins
(1.69 £ 0.65) rivers (Figure 3B).

Simplified food webs were built based on fishers’ citations
on fish prey (Figure 4) and predators (Figure 5) in the
Tapajos (Figures 4A, 5A) and Tocantins (Figures 4B, 5B)
rivers. According to the fisher’s LEK, fish species such as
Pescada (P. squamosissimus), Tucunaré (C. pinima) and Piranha
(S. rhombeus) can be considered mainly piscivorous in both rivers
(Figure 4). According to most fishers interviewed in the Tapajos
(Figure 4A) and in the Tocantins (Figure 4B) Rivers, detritus
was the main food for the fishes Charuto (H. unimaculatus) and
Jaraqui (Semaprochilodus spp.). The fish Aracu (L. fasciatus) can
be considered as herbivorous or omnivorous species according to
the fishers’ LEK in both rivers, as this fish can feed on different
items, but it eats mainly fruits (Figure 4).

One of the fish predators most cited by fishers in both
rivers was the red dolphin Inia spp. (Figure 5). In both rivers,
the piranha (Serrasalmus spp.) was the main predatory fish
mentioned by the interviewed fishers (Figure 5). Other fish
identified as fish predators by the interviewed fishers were the
Pirarara (Phractocephalus hemioliopterus), Pirarucu (Arapaima
gigas) and Surubim (Pseudoplatystoma spp.) in the Tapajos river
(Figure 5A), as well as the Jau (Pimelodidae) and peixe-cachorro
(Acestrorhynchus spp., Raphiodon vulpinus, and Hydrolicus spp.)
in the Tocantins River (Figure 5B).

Fishers’ LEK was a robust estimator of trophic level in relation
to stable isotopes analysis in both rivers. Ten of a total of the 11
trophic levels estimated based on LEK were within the credibility
interval of estimates of trophic levels through the stable isotopes
analysis. This result further demonstrates that fisher’s LEK can be
a promising rapid and low cost alternative to obtain reliable data
for studies on fish trophic ecology, as observed in previous studies
(Ramires et al., 2015; Silvano and Begossi, 2016).

Fishers can acquire knowledge about fish diets by observing
fish stomach contents while manipulating and gutting fish
(Silvano and Begossi, 2002). Furthermore, fishers constantly
manipulate food items to be used as baits, thus gaining knowledge
about food preferences of fish, considering that those food items
cited as part of fish diets are also commonly used as baits (Silvano
and Begossi, 2005; Baird, 2007; Ramires et al., 2015). On the other
hand, fish predators preying fish on gill nets may be commonly
observed by fishers, thus fishing activity can be an important
source of knowledge about the feeding behavior of fish and other
animals (Silvano and Begossi, 2002; Ramires et al., 2015).

Despite an overall agreement, there were small differences
between the trophic level estimates based on LEK and stable
isotopes analysis: the trophic level based on the LEK of the fish
Aracu fell outside the credibility interval and was thus lower
than the trophic level of this fish estimated through the stable
isotopes analysis model in the Tapajds river. This and other slight
differences between LEK and stable isotopes analysis regarding
the estimated trophic levels can be explained by the fact that
fishers make their inferences about fish diets through observation
of fish stomach contents, besides direct observation of fish
behavior. Therefore, LEK is mostly based on what was ingested
by fish, not on what was actually assimilated in fish tissues, as
measured by stable isotopes analysis. Indeed, some of the food
items present in fish stomachs may be refractory to digestion (e.g.,
vegetation, fruits, shells) and may not be digested nor assimilated
by the consumer. Furthermore, the differences in trophic levels
between the LEK and stable isotopes analysis observed in the
present study can be at least partially attributed to the temporal
differences in the methods being compared. The data from the
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stable isotopes analysis indicate what has been assimilated and
transformed into tissues by the consumer fish, considering a time
span of approximately 90 days from consumption (Mont’Alverne
etal,, 2016). On the other hand, data obtained through the fishers’
LEK may include a much longer time window on fish diets, as
fishers can acquire this knowledge through the accumulation of
observations over several years of fishing activity, along their
experience in contact with the environment (Silvano and Begossi,
2002), besides the transmission of knowledge among fishers
(Johnson, 2006). Therefore, these two methods or approaches can
be used concurrently in studies of trophic ecology. For example,
the simultaneous use of LEK and stable isotopes analysis has been
successfully applied to assess habitat use by turtles in estuarine
environments (Wedemeyer-Strombel, 2019).

Considering the diversity of species in the Brazilian Amazon
basin (Dagosta and de Pinna, 2019), detailed information on
fish feeding habits may be relatively scarce (Mérona et al,
2001; Mérona and Rankin-de-Mérona, 2004; Silvano and Begossi,
2016; Dary et al, 2017). Moreover, studies on fish trophic
ecology may show some limitations, such as small sample sizes,
geographically restricted sampling and not including seasonal
variation. Conventional studies based on the method of stomach
content analysis may have, among their main limitations, a
large number of empty stomachs of piscivorous fish (Vinson
and Angradi, 2011) and the difficulty to identify certain items,
which may be very digested and are often only bones, not
allowing identification at the species level. These limitations
can complicate the identification of the diets of piscivores, such
as piranhas (Prudente et al., 2016) and alligators (Magnusson
et al., 1987). However, in the present study, fishers cited
potential fish prey of these two species of predators, in some
cases identifying even more refined taxonomic levels than
those generally described in the biological literature. Another
advantage of including fishers LEK in studies on trophic
ecology is the possibility of building conceptual models of food
interactions, which can be used in different environments, such
as freshwater and marine (Silvano and Begossi, 2002, Begossi,
2012; Le Fur et al, 2011). Furthermore, the LEK based data

TABLE 2 | Trophic levels calculated from the local ecological knowledge (LEK) of
fishers and posterior trophic level estimates originated from Bayesian models
(mean values and 95% credibility interval) based on stable isotopes analysis for
the fish species studied in the Tapajés and Tocantins rivers.

River Specie LEK Stable isotopes analysis

Tapajos Cichla pinima 3.62 3.07 (2.48-3.65)
Hemiodus unimaculatus 2.10 2.25 (2.00-2.75)
Leporinus fasciatus 2.02 2.65 (2.09-3.11)
Plagioscion squamosissimus ~ 3.53 3.30 (2.77-3.82)
Semaprochilodus spp. 2.00 2.27 (2.00-2.64)
Serrasalmus rhombeus 3.68 3.47 (2.98-3.90)

Tocantins  Cichla pinima 3.76 2.84 (2.00-4.03)
Hemiodus unimaculatus 2.15 2.49 (2.00-3.79)
Leporinus fasciatus 2.16 2.90 (2.14-3.30)
Plagioscion squamosissimus ~ 3.50 3.27 (2.04-4.24)
Serrasalmus rhombeus 3.95 3.28 (2.30-4.08)

Values of trophic levels calculated from LEK in bold are those within the credibility
range of the values calculated trough the stable isotopes analysis.

can be also applied in ecosystem modeling studies, aiming to
improve management of fisheries resources in environments that
need management, but lack data (Ainsworth and Pitcher, 2005;
Bevilacqua et al., 2016; Bentley et al., 2019).

The results of this and previous studies provide evidence
that fisher’s LEK has clear potential to “fit the pieces” and fill
knowledge gaps regarding ecosystem function of fish, especially
in remote tropical regions where scientific knowledge is still
incipient. Moreover, information about the diet of fish and large
predatory species is usually scarce in the scientific literature,
as well as studies addressing the interactions between trophic
ecology and fishing resources. In the present study, all food items
most mentioned by fishers as being important to the diet of
the studied fish corroborated with data from the literature. In
both rivers, the general food items mentioned for piscivorous
fish, such as Pescada and Tucunaré, were fish and crustaceans,
whereas fishers mentioned fish being eaten by Piranha, fruits and
plants as food of the Aracu and detritus as the main food item of
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Jaraqui. Therefore, fishers’ LEK can help to better understand the
trophic ecology of fish that may receive a higher fishing pressure
and thus more urgently demand management and conservation
actions, such as some large piscivorous and herbivorous fishes
in the Brazilian Amazon and elsewhere (Pauly et al, 1998;
Welcomme, 1999; Hallwass et al., 2020b). Furthermore, the
detailed information revealed by fishers’ LEK regarding the diet
and trophic interactions of freshwater fishes can be useful to
identify, and hence to maintain, some of the important ecosystem
services provided by fish, such as seed dispersal (Lucas, 2008;
Anderson etal., 2009; Horn et al., 2011), nutrient cycling (Flecker,
1996; Winemiller et al., 2006) and the food security of riverine
populations (Isaac and Almeida, 2011; Begossi et al., 2019).

The fishers’ LEK can assist in understanding ecological aspects
of emblematic species, such as the endangered red dolphin or
boto, Inia spp. (Silva et al., 2018; Vidal et al., 2019; Campbell
etal., 2020). In this study, fishers reported that the boto consumes
the fish Tucunaré, Pescada, Aracu, and Charuto, all of which
corroborate with a study on the boto diet carried out in the
1980s, through stomach content analysis (Best, 1984). However,
the Jaraqui fish was also mentioned as being consumed by the
boto by 73% of the interviewed fishers in both rivers, but this
fish has not been mentioned in the literature as being part of
the boto diet. Similarly, a previous study also shows that fishers
mention the river dolphin as important predators of the fish
Jaraqui in the Central Amazon (Batista and Lima, 2010). This
hypothesis of Jaraqui predation by botos or other freshwater
dolphins can be investigated in more detail in the future, given
the importance of Jaraqui for small-scale fisheries throughout the
Brazilian Amazon (Hallwass and Silvano, 2015; Hallwass et al.,
2020a,b; Runde et al., 2020). Therefore, the potential predation
of Jaraqui by the boto, as evidenced by the interviewed fishers,
indicates a possible overlap between the resources used by this
river dolphin and humans (fishers), which can become a source
of conservation related conflicts (Loch et al., 2009; Kelkar et al.,
2010). The interviewed fishers mentioned some fish, such as
Aracu, Jaraqui, and Tucunaré, as being consumed by the river
otter, and these same fish have been described as being part of
the river otter diet through the analysis of fecal samples in the
Negro River Basin, in the Brazilian Amazon (Silva et al., 2013).

Some discrepancies between fishers’ LEK and the biological
literature were recorded in relation to fish predators. Fishers
indicated Pescada and Piranha as being consumed by the
Pirarucu, however, these species have not yet been recorded in
studies on the feeding of Pirarucu. These differences between
the two knowledge bases (LEK and biological) may occur due
to the natural variation in the availability and occurrence of
food items throughout the aquatic ecosystems in the Amazon,
since the existing studies on trophic ecology of Pirarucu have
not been conducted in the same rivers addressed in this study
(Tapajos and Tocantins).

Studies on trophic ecology are even more relevant in the
context of the Amazon biome, which is highly dynamic and
which has undergone numerous changes during the last few years
(Dagosta et al., 2020; Latrubesse et al., 2020). The Tocantins-
Araguaia river basin is considered as an important and priority
area for conservation, due both to the high presence of endemic
species and the high number of dams (Dagosta et al., 2020). Dams
can alter the abundance of prey and predators in the environment
(Mérona et al., 2001), besides influencing and modifying fish
feeding habits due to lack of food (Melo et al, 2019). The
impacts and changes to fish and fisheries already observed in
the Tocantins River (Mérona et al., 2001; Hallwass et al., 2013)
can be repeated in the Tapajos river in the near future, as this
river is targeted for development projects directed to energy
production and enhancing navigation for the export of soy and
meat (Fearnside, 2015; Latrubesse et al., 2020). Even considering
that the Tapajos River basin has a high diversity of species
(Dagosta and de Pinna, 2019) and several protected areas, there
is a rapid loss in the forest area, especially in the region of the
Lower Tapajos River (Dagosta et al., 2020), that may affect all
food web of the river, mainly the large-bodied fish species as
the top predators (Capitani et al., 2021). Besides these potential
future impacts, there have been mining activities in the middle
and upper Tapajos River since the mid-1980s, thus affecting
both human populations and aquatic organisms due to mercury
contamination, including contamination of fish consumed by
people (Harada et al, 2001; Faial et al, 2015; Vasconcellos
et al., 2021). A previous study demonstrates that fish trophic
levels estimated by LEK, which are equivalent to trophic levels
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FIGURE 4 | Diagram representing fish feeding relationships (simplified food web) of the studied fish species, based on fishers’ local ecological knowledge about fish
prey (question: What this fish eats?) in the rivers (A) Tapajos (n = 65 fishers) and (B) Tocantins (n = 33 fishers), in the Brazilian Amazon. The numbers are the
percentage of interviewed fishers who mentioned each feeding interaction. The sum may be greater than 100%, as fishers could cite more than one food item for
each studied fish species. Those food interactions that agree with fish feeding relationships reported in the biological literature (Mérona et al., 2001; Mérona and

according to literature data, are also related to mercury content
on fish, thus showing the potential of fishers’ LEK as an indicator
of fish trophic level in bioaccumulation studies (Silvano and
Begossi, 2016). The present study corroborated and advance these
previous findings on the potential value of fishers’ LEK to indicate
fish trophic levels and associated ecological properties (Silvano
and Begossi, 2016). The previous study compared trophic levels
estimated through the LEK with those from biological literature
(Silvano and Begossi, 2016), whereas this study compared trophic

levels estimated by LEK with data showing what was indeed
assimilated by the organisms through the use of stable isotopes
analysis (Newsome et al., 2009) for the same fish species and in
the same sites where the interviews with fishers were conducted.
Therefore, by adopting a more refined and accurate comparison,
this study showed a very close agreement between fishers’ LEK
and biological data on fish trophic levels, paving the way for a
collaboration between fishers and scientists to develop ecological
and ecotoxicological indicators.
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Contrary to the initial hypothesis, the overall fishers LEK
about the trophic levels and feeding interactions of fish did
not differ between the two studied rivers, even though they
have a distinct history and intensity of environmental impacts.
For example, there were no differences on the number of fish
predators cited by fishers between the Tapajos (22 predators) and
the Tocantins (18 predators) rivers. This may be partially due
to some degree of plasticity in the feeding behavior of at least

some aquatic species, which may adapt to environmental changes
that are occurring over time. Alternatively, it may be that fish
and aquatic predators had not changed their feeding habits yet
in the more altered Tocantins River, so impacts had not lead
to perceived modifications in the diet of these organisms. These
suggestions or hypotheses need to be checked in future studies
aimed to understand the influences of river modification on fish
diets and trophic ecology. However, as expected according to
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the proposed hypothesis, a greater number of food items was
cited by fishers in the Tapajds river (57 items) when compared
to the Tocantins river (27 items). This difference may be possibly
due to the lower availability of some food items, such as fruits,
in the Tocantins River, as a consequence of a more intense
deforestation in this river basin. The results provided from
fishers’ LEK thus reinforce the need to prioritize conservation and
restoration strategies for aquatic environments in the Tocantins-
Araguaia river basin.

The combination of both approaches (LEK and stable
isotopes analysis) can advance the knowledge base on diet
and trophic interactions of fish species with greater reliability,
by producing accurate data, in a fast and effective way.
Although such combination is desirable whenever possible, the
stable isotopes analysis technique requires financial resources,
specialized machinery, and considerable processing time, which
may be beyond the reach of many researchers and communities
in tropical developing countries. In such a context, this study adds
to previous research to show that fishers’ LEK can provide useful
information on fish trophic ecology and that such information
based on LEK is closely related to biological data. The fishers’ LEK
can thus be reliably applied to improve fisheries management and
species conservation in those regions of the world that have data
limitations but need urgent management.
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