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One of the most conspicuous marks of the Anthropocene worldwide is the ubiquitous
pollution by long lifespan materials (e.g., plastic). In marine habitats, anthropogenic
debris are observed from floating on the surface to deposited on the substrate or
ingested by wildlife at different food web levels. However, the link between feeding
strategy types and debris ingestion by reef fishes remains poorly explored. We analyzed
the gut contents of three nominally herbivorous fishes along the Brazilian coast:
the doctorfish Acanthurus chirurgus, the parrotfish, Sparisoma axillare, and the chub
Kyphosus vaigiensis. Individual [i.e., total length (TL)] and species-level functional traits,
as well sites with distinct environmental features (i.e., tourism activity intensity, fishing
pressure, and distance from the coast), were tested as predictors of the concentration
of debris found inside individual fish guts. Debris found were quantified, measured, and
classified accordingly to color and shape. We found debris in 52.7% of individuals.
Debris ranged from 0.10 to 11.75 mm, and the frequency of occurrence and ingestion
rate (number of debris per individual) varied among species, being higher for the scraper
species S. axillare (95.7% and 4.9 + 1.2, respectively) and A. chirurgus (74.6% and
1.64 £ 0.34), than for the browser K. vaigiensis (55.8% and 0.83 + 0.24). TL, scraping
feeding mode, and the most impacted location were positively related to debris ingestion
rate. Our work revealed a higher vulnerability of an ecologically important trophic group
to debris ingestion and of an already threatened species according to Brazilian red list.
Besides the increasing number of species contaminated by anthropogenic debris, its
effect on fish biology and physiology remains poorly understood. Understanding these
links would improve conservation planning as species contamination could act as a
proxy for environmental pollution on marine habitats.

Keywords: marine pollution, anthropogenic debris, ingestion, herbivorous fishes, functional traits

INTRODUCTION

The human footprints onto the planet are recent on a geological scale but already left such
clear and distinct marks on land, oceans, and atmosphere that the present epoch is now known
as the Anthropocene (Lewis and Maslin, 2015). One of the most conspicuous marks of the
Anthropocene is pollution by long-lasting man-made materials (e.g., plastic), affecting terrestrial
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and aquatic environments (Derraik, 2002), spreading through
food webs, and becoming a source of contamination even to
humans (Rochman et al., 2015; Cox et al., 2019). Anthropogenic
debris (henceforward “debris”) reaches the oceans directly (e.g.,
from ships) or indirectly, carried out by rivers and runoff after
being wrongfully discarded by population on land (Rech et al.,
2014; Jambeck et al., 2015). Different types of debris can be found
and classified as “anthropogenic” from cellulose microfibers
(Remy et al., 2015; Macieira et al., 2021) to hazardous man-
made petroleum-based polymers such as plastics. The durability
and slow degradation of plastics allow the fragmentation of this
material into smaller pieces, facilitating dispersion throughout
the environment. Moreover, smaller-sized fragments can be easily
ingested by smaller species from lower trophic levels (Lusher
et al,, 2013) and become bioavailable to higher trophic level
organisms (Carpenter and Smith, 1972; Wéjcik-Fudalewska et al.,
2016). The contamination by microplastic in species many times
used for human consumption (e.g., seafood) (Rochman et al,
2015; Forrest and Hindell, 2018), or in the air and drinking water
(Cox et al.,, 2019) represents now a common threat to human
health. Urbanization level may also influence the distribution
of debris, and the amount of it may be highly correlated to the
human population (Barnes, 2005; Barnes et al., 2009). Although,
in the marine environment, anthropogenic pollution can be
perceived on continental shores (Andrades et al., 2020), seafloor
(Galgani et al., 1996; Kane et al., 2020), and isolated oceanic
islands (Andrades et al., 2018). A recent study on Brazilian
beaches found that 97.7% of the stranded materials were plastic
made (Andrades et al., 2020). On beaches, plastic debris reduce
the esthetic value of beaches (Corraini et al, 2018), causing
economic losses, besides affecting wildlife through contamination
following its degradation.

Reports of debris ingestion by marine wildlife have long
been known (Bjorndal et al., 1994; Robards et al., 1995). From
invertebrates (Remy et al., 2015; Rotjan et al.,, 2019) to fishes
(Rochman, 2013; Garnier et al., 2019; Macieira et al., 2021) and
megafauna (Besseling et al., 2015; Santos et al., 2015; Germanov
et al,, 2018), varied groups and trophic levels are affected by the
accumulation of man-made material in the marine environment
(Farrell and Nelson, 2013; Gall and Thompson, 2015; Santos
et al., 2021). Species’ ecological traits and their interaction with
debris may influence their susceptibility to ingestion of debris
(Covernton et al., 2021; Salerno et al., 2021). For example,
filter-feeding animals accumulate high amounts of micro-debris
due to their adaptation to feed on plankton (Germanov et al.,
2018). Although, a recent study points out that plastic ingestion
by this group is less common than by species with other
feeding strategies (Savoca et al., 2021). Led by ecological traits,
ingestion may yet influence the types of debris found into
species’ digestive tracts. Although debris’ color and shape are
less likely to affect passive filter-feeders ingestion once they are
unselective non-visual feeding strategy (Collard et al., 2017), the
angle of approach from active feeders and the color of debris
may generate selection for specific type of debris. For example,
drifting debris would look darker when approached from below
or against the light (and paler from above or in favor of light),
influencing the color of ingested particles according to species

feeding (Santos et al., 2016) and swimming habits. Additionally,
debris characteristics may play a role in such interaction. Rotjan
etal. (2019) demonstrate through laboratory experiments that for
the coral Astrangia poculata, fiber contamination predominates
over microbeads, while in the Red Sea (Baalkhuyur et al., 2018)
and the Southeastern Atlantic (Macieira et al., 2021), fibers are
more common than fragments for reef fishes (Baalkhuyur et al.,
2018; Macieira et al., 2021). But for seabirds, however, it does not
seem to be relevant (Hidalgo-Ruz et al.,, 2021). Notwithstanding,
fibers were the most common shape of debris found in different
studies worldwide (Rochman et al., 2015; Savoca et al., 2019;
Macieira et al., 2021) and may take longer to be egested after
ingestion by fishes. Thus, the shape, color, and size of particles
may represent different degrees of exposure risks for fishes (Xiong
et al,, 2019). The ingestion and retention of indigestible debris
pose an important threat to individual health, once it may block
nutrient absorption and cause physical damages to the digestive
tract (Germanov et al., 2018; Rotjan et al., 2019).

Debris tend to sink due to the increasing weight of fouling
by bacteria, algae, animals, or accumulated sediment (Barnes
et al.,, 2009), which could greatly affect species feeding closer
to the substrate. For example, in a recent review, Savoca
et al. (2021) found that predators and benthic foragers are
more prone to the ingestion of plastic debris, having active
predators ingested plastic more frequently than grazers and filter-
feeding species. Herbivorous fishes are conspicuous inhabitants
of tropical and subtropical reef systems and are essential in the
energy flux throughout the ecosystem trophodynamics (Choat
and Clements, 1998; Poore et al,, 2012). Although reports of
debris ingestion are widespread (Garnier et al., 2019; Rotjan et al.,
2019; Covernton et al.,, 2021; Macieira et al., 2021), including
by commercially important species (Possatto et al., 2011; Avio
et al., 2015; Rochman et al., 2015; Forrest and Hindell, 2018; Cox
et al,, 2019), studies characterizing ingestion by herbivorous reef
fishes are still rare (Rochman et al., 2015; Jabeen et al., 2017;
Markic et al., 2018; Garnier et al., 2019). Marine macroalgae
are known to be a vector of microplastic into marine food
webs (Carpenter and Smith, 1972; Gutow et al., 2016; Goss
et al,, 2018), and the susceptibility of herbivores to the ingestion
of debris may be related to its accumulation on inert (e.g.,
sediment) or living substrate (i.e., deposited on or adhered to
algae), but also depending on how species interact with this
substrate while foraging.

Different species of nominally herbivorous reef fishes differ
in behavior and diet but also pre- and post-ingestive processes
(Choat et al., 2002, 2004). These differences help to define
species nutrient assimilation (Clements et al., 2009). While
some are territorial farming species (Ferreira et al, 1998),
feeding behavior also varies from roving herbivores that crop
frondose macroalgae (i.e., macroalgivores) (Clements and Choat,
1997) to species that target turf algae and imbued detritus
(i.e., detritivores) or epilithic and/or endolithic photoautotroph
microorganisms (i.e., microvores) (Ferreira and Gongalves, 2006;
Clements et al., 2017). Cropping and browsing, macroalgivores
would ingest algae-adhered debris. On the other hand, scraping
the substrate could yet induce the ingestion of sunk debris by
scrapers detritivores and microvores. Targeting different food
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sources (i.e., the different diets among herbivorous fishes) could
directly influence the susceptibility of species to debris ingestion
once it is known to accumulate in different proportions on
distinct substrata (Barnes et al., 2009; Maes et al., 2017). Yet,
post-ingestive processing modes in this group could influence
the size and shape of debris within the gut contents due to
different abrasiveness. Food processing modes range from the
presence of a pharyngeal mill that highly processes their food
grinding the ingested material as in parrotfishes (Clements
and Bellwood, 1988) to gizzard-like muscular stomachs in
detritivorous acanthurids (Choat et al., 2004) and acid stomachs
with hindgut fermentation in kyphosids (Clements and Choat,
1997). In the latter two, the physical processing of food is unlikely
to have enough strength to break apart more resistant materials
such as plastic. As mechanical erosion could determinate debris
shape (Corcoran et al., 2009), more intense physical processing
would result in smaller debris found within species’ tracts.

Understanding the functional traits linked to anthropogenic
debris ingestion could varying susceptibility to
contamination of species and functions, providing indicators
for establishment and monitoring threatening status. We
determined the concentration of anthropogenic debris in the
gut contents of three herbivorous reef fishes with different
diets and food processing modes. Also, we correlate debris
concentration with species’ functional and ecological traits and
environmental traits characterizing the anthropogenic impact
in three locations along the Brazilian coast. We hypothesized
that (1) scraping species would present more debris within
their guts due to a higher interaction with the substrate,
(2) species with higher post-ingestive physical processing
of food would present smaller debris in the guts, and (3)
specimens from highly impacted locations would present higher
debris ingestion.

reveal

MATERIALS AND METHODS
Study Species and Sampling

One hundred and sixty-seven individuals distributed among the
three species were sampled: the doctorfish Acanthurus chirurgus
(Bloch, 1787) (n = 59) - Acanthuridae, the gray parrotfish
Sparisoma axillare (Steindachner, 1878) (n = 56) — Labridae, and
the brassy chub Kyphosus vaigiensis (Quoy & Gaimard, 1825)
(n = 52) - Kyphosidae. Although broadly known as herbivores,
these species present different diets and food processing modes
(Choat et al., 2002, 2004; Ferreira and Gongalves, 2006; Mendes
et al., 2018). Grazing acanthurids usually ingest particulate
material (Ferreira and Gongalves, 2006), while parrotfishes grind
their food using pharyngeal mills (Clements and Bellwood, 1988),
and kyphosids crop large portions of macroalgae and rely on
hindgut fermentation for digestion (Clements and Choat, 1997).
Also, these species differ in foraging and swimming behavior.
While A. chirurgus and S. axillare are reef dwellers that usually
swim and forage closer to the substratum, scraping the surface in
search of macroalgae, detritus, and microscopic photoautotrophs
organisms (Francini-Filho et al,, 2010; Clements et al., 2017),
K. vaigiensis mainly crop brown and red macroalgae and

usually swim higher in the water column, preferring highly
hydrodynamic sites (Cordeiro et al., 2016).

Specimens from all three species were collected at three
different locations along the Brazilian coast: Natal (5°47" S;
35°11"W), Abrolhos Archipelago (17°20’S; 39°30'W), and Arraial
do Cabo (22°58'S; 42°00'W) (Supplementary Figure 1) in the
austral summer of 2016 (Abrolhos Archipelago and Arraial do
Cabo) and 2017 (Natal). Benthic cover in reefs close to the city
of Natal is mainly composed of small patches of large-bladed
macroalgae (Dictyota spp. and Dictyopteris spp.), algal turfs, and
sponges located ~10 km from the coast (Aued et al., 2018; Roos
et al,, 2019). Abrolhos is an archipelago distant ~70 km off
the coast that harbors the largest coral reef system within the
Southwest Atlantic Ocean, interspersed with algal turfs (Ledo
and Dominguez, 2000). The third location, Arraial do Cabo is
a subtropical rocky reef with a marked seasonal temperature
variation due to the occurrence of upwelling events (Valentin,
2001; Cordeiro et al., 2016) where sampling sites were located in
a inlet distancing ~3.5 km from the city harbor, the closest from
a urban center when compared to the other locations. Besides
these differences, the three locations present contrast levels of
offshore distance, population size, tourism intensity, and fishing
activity, characteristics that represent distinct impacts (Browne
et al.,, 2015; Silva et al., 2018; Covernton et al., 2021) that likely
contribute to debris accumulation in the subtidal zone. While
the sampling reefs near the city of Natal fit into no category
of protection with tourism activity being mostly from diving
tourism, Arraial do Cabo is a sustainable use marine protected
area (i.e., fishing and tourism are allowed under management
rules), and the Abrolhos Archipelago is a Marine Park where
fishing is prohibited but diving tourism is allowed although in
a lower intensity than in Arraial do Cabo. Although protected,
the proximity of the sampling sites to the highly populated
urban center of Arraial do Cabo might pose a thread and a
tendency for debris accumulation in the nearby rocky reefs
and, therefore, ingestion by marine fauna (Peters and Bratton,
2016). The further offshore distance of Natal could, otherwise,
provide a protection from the city pollution. Plastic pollution
has been linked to fishing activity through lost fishing gears
(e.g., causing ghost fishing) or derelict anchoring cables (Derraik,
2002; Browne et al., 2015), and also to tourism activity (Silva
et al., 2018) and distance from urban vs. urbanized beaches
across the Brazilian coast (Andrades et al., 2020), affecting the
amount and type of debris found. To understand the relationship
between fish contamination and the impact on the environmental
characteristics, we used these locations as a predictive factor in
our analysis and interpreted the results based on the combination
of three characteristics of each location: offshore distance in
kilometers, fishing pressure, and tourism activity.

Specimens were collected using spearfishing, under Brazilian
environmental permits (SISBIO 48094 and 48112) and
immediately put on ice for transportation to the laboratory.
Total length (TL) and total weight (TW) were measured
(Table 1), and gut contents removed, frozen, and stored in
alcohol 70% for subsequent analysis. Stomach contents were
removed from the stomach of A. chirurgus and K. vaigiensis.
As parrotfishes lack a gastric stomach (Choat et al., 2002), the
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TABLE 1 | Total () number of specimens, mean (range) species’ total length (TL) and weight, and ecological traits classification for each study species.

Species

Acanthurus chirurgus n = 59

Sparisoma axillare n = 56 Kyphosus vaigiensis n = 52

Fish traits
Total length (mm) 254.1 (169-341)

Total weight (g) 428.7 (125-1009)

Food acquisition mode Scraper
Dietary group Detritivore
Alimentary tract type Gizzard-like

Dentition type Multi-denticulated

288.9 (214-447)
468.5 (174-1130)

349.7 (177-538)
926.8 (112-3365)

Scraper Browser
Microvore Macroalgivore
Pharyngeal mill Thin-walled
Fused Incisor

Individual TL and food acquisition mode were used in a model to relate anthropogenic debris ingestion to species characteristics.

TABLE 2 | Species and number (n) of collected individuals per location, debris per individual, debris per grams of gut content, percentage of contaminated individuals,

and shape of debris found in each species gut content in each of the sampled sites.

Location Species (n) Debris/individuals Debris/g gut Contaminated Shape of debris
content individuals (%)

Natal Acanthurus chirurgus (19) 0.11 0.17 10.5 Fiber
Sparisoma axillare (16) 1.47 1.44 75 Fiber, fragment
Kyphosus vaigiensis (13) 0.39 0.06 15.4 Fiber, fragment

Abrolhos Archipelago Acanthurus chirurgus (20) 0.65 0.33 35 Fiber
Sparisoma axillare (20) 1.70 3.40 60 Fiber
Kyphosus vaigiensis (20) 0.15 0.04 10 Fiber, fragment

Arraial do Cabo Acanthurus chirurgus (20) 410 2.10 85 Fiber
Sparisoma axillare (20) 10.65 8.06 100 Fiber, fragment
Kyphosus vaigiensis (19) 1.84 0.45 70 Fiber, fragment

TABLE 3 | Parameters estimates for the final zero-inflated Poisson generalized linear model for the association between traits of reef fishes, location, and number of

debris ingested as the response variable.

Variable Estimate SE z-Value P
Count process (Poisson distribution)

Intercept —5.555 2.315 —2.40 0.016
log body length 0.886 0.407 2172 0.029
Food acquisition mode (scraper) 1.368 0.183 7.440 <0.001
Location (Arraial do Cabo) 1.189 0.188 6.316 <0.001
Location (Natal) —0.453 0.310 —1.458 0.144
Binary process (Bernoulli distribution)

Intercept 0.062 0.360 0.175 0.861
Location (Arraial do Cabo) —2.427 0.651 —-3.726 <0.001
Location (Natal) —0.254 0.651 —0.390 0.696

Showing coefficient estimates of explanatory variables, standard error (SE), test statistic (z-value), and the p-value (p). Coefficient in bold indicates that p-value is significant
at p < 0.05 level. Reference levels for this regression were set as “browser” for food acquisition mode and as “Abrolhos” for location.

content of this species was removed from the foregut, as in
previous works involving such group (Choat et al., 2002, 2004;
Ferreira and Gongalves, 2006; Mendes et al., 2018). Contents
were assessed for the presence of anthropogenic debris through
visual examination in a sterile Petri dish under a Leica MZ6 with
transmitted-light base stereomicroscope (see section “Materials
and Methods”; see Markic et al., 2020), 0.63-4.0x zoom range.
Although we did not use laboratory blanks as suggested by recent
literature to identify possible airborne contamination (Markic
etal., 2020; Savoca et al., 2021), samples were always covered with
sterile Petri dish caps (except during visual analysis) to avoid such

contamination by external materials. No fibers resembling our
laboratory coats were observed during the analysis as reported
by Rochman et al. (2015). To avoid misidentification, each debris
found was verified by at least two of the authors and confirmed
not to be of natural origin. All debris were measured (maximum
length) using a reticle ruler attached to the stereomicroscope lens,
and classified as micro (<5 mm) and meso-debris (5-25 mm)
(Ryan et al., 2009). Yet, it was also classified according to color
and shape (fiber or fragment), as these characteristics are known
to be important in determining exposure risks for fish (Xiong
etal., 2019), and may provide insights on debris’ origin.
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Species Traits

Individual TL, species-level functional trait food acquisition
mode (scraper or browser), and species identity (ID) were tested
against debris concentration inside species guts (Table 1). Study
species can be classified into distinct categories according to
dietary group, alimentary tract, and dentition type (Table 1).
Analyzing and understanding differences among species may
provide insights into the importance of functional traits
among species ID.

Statistical Procedures

We used the non-parametric Kruskal-Wallis test (as data were
not normally distributed) from the base R “stats” package (R
Core Team, 2020), followed by Dunn’s multiple comparisons test
(using Benjamin-Hochberg p-adjustment to avoid Type I errors)
from “FSA” package (Ogle et al., 2019) to compare the difference
in debris length among species.

The response variable in our analysis is the debris count
taken from the guts of each individual fish sampled. As expected
for counts, the frequency of our sample values were Poisson
distributed (Supplementary Figure 2). However, prior to the
application of the Poisson generalized linear model (GLM), a
preliminary inspection of our data reveled that it is highly over-
dispersed (dispersion parameter = 4.9) due to a large proportion
of zero counts (47.3%) using “lme4” (Bates et al., 2015) and
“MuMIn” (Barton, 2020) packages. Therefore, zero-inflated
Poisson (ZIP) GLM were conducted using the “pscl” package
(Zeileis et al., 2008) to estimate the influence of individual TL,
location, and food acquisition mode on the number of debris
ingested (M1) and individual TL, location, and species ID on the
number of debris ingested (M2). ZIP models permit a mixture of
causal factors to be evaluated and help better predict outcomes
when there is a large number of zeros because of both the rarity
of an event and false negatives. The ZIP models were fitted
as a two-part modeling approach: one component assumes a
Bernoulli distribution with a logit-link function and estimate
the probability of observing a zero, and the other component
assumes a Poisson distribution through a log-link function (Zuur
et al., 2009). As species ID and functional trait “food acquisition
mode” are collinear and precludes model convergence, we ran
two different ZIP GLM model, both having the concentration of
debris into species gut as the response variable. The first model
(M1) compares debris concentration against food acquisition
mode (two levels: scraper and browser), while the second model
(M2) compares debris concentration against species (three levels:
A. chirurgus, S. axillare, and K. vaigiensis).

We only included the variable location in the Bernoulli
component of both models because variability in debris
availability among locations is the only factor that can arguably
explain the probability of false zeros. In the count component
we included the body length, food acquisition mode/species ID,
and location. Since all explanatory variables were significant at
p < 0.05 in the M1 (Table 3), and the full model presented the
best fit (Supplementary Table 1), all variables were retained in
the final model. Whereas, in the M2, the explanatory variable
body length was not significant at p > 0.05 (Table 4). The

model selection was based on multimodel inference approach
(Anderson, 2008), using the function “dredge” in the “MuMIn” R
package (Barton, 2020). In multimodel inference, the models are
ranked according to Akaike information criteria (AIC), delta AIC
(A1), and Akaike weights (wi) (Anderson, 2008). AIC considers
not only the goodness-of-fit of a model, but also its complexity
(number of parameters), and the models with the lowest AIC
values are the most likely. We used the delta AIC (A1) to select
the most likely models, which were those with differences lesser
than 3 among the AIC value of the given model i and the model
with the lowest AIC (Ai < 3). The Akaike weights (wi) can
be interpreted as probability that a certain model is the best
among the set of models. The zero-inflated model was compared
to ordinary Poisson and negative-binomial regression models
using Vuong tests.

All statistical analysis were conducted with the R statistical
language (R Core Team, 2020). Plots were produced using the
base R, “ggplot2” (Wickham, 2016), “cowplot” (Wilke, 2020), and
“colorspace” (Zeileis et al., 2020).

RESULTS

Debris Abundance

From a total of the 167 specimens spanning the three species
(Table 1), 88 (52.7%) contained anthropogenic debris in their
digestive tracts. We found a total of 409 particles, either
fibers (96.1%), or fragments (3.9%). Overall, S. axillare was the
species that most ingested debris (n = 269 debris), followed by
A. chirurgus (n = 97) and K. vaigiensis (n = 43). Throughout this
study, we use the term “mean ingestion rate” as the number of
debris per individual as in Crutchett et al. (2020). One of the
main issues while comparing studies on anthropogenic debris
ingestion is the wide array of units used (Collard et al.,, 2019).
Therefore, besides mean ingestion rate, we chose to express the
debris concentration into species gut contents also as the number
of debris per gram of gut content and percentage of contaminated
individuals (frequency of occurrence; Table 2) to facilitate future
comparisons. Frequency (FO%) and mean ingestion rate (n
debris per fish £ SE) were higher for S. axillare (95.7% and
4.9 & 1.2, respectively) than A. chirurgus (74.6% and 1.64 &= 0.34)
and K. vaigiensis (55.8% and 0.83 £ 0.24) (Figure 1 and Table 2).

Debris Characterization

Micro- (92.4%) and meso-debris (7.6%) were found within
species guts. Length of debris ranged from 0.15 to 8.5 mm
(average & SE: 1.72 £ 0.15) for A. chirurgus, 0.1-11.75 mm
(1.94 £ 0.12) for S. axillare and 0.25-6.5 mm (2.26 + 0.27) for
K. vaigiensis (Figure 2). Although we expected to observe smaller
debrisin S. axillare due to its pharyngeal mill apparatus that grind
ingested food, it seemed not to be able to break down ingested
debris. No difference in debris length among species was found at
any location (Kruskal-Wallis test: p > 0.05).

We found different colors of debris in the species gut contents:
blue (52.6%), black (36.9%), red (5.9%), colorful (particles
containing different colors in a single piece; 2.7%), transparent
(1.5%), and green (0.5%). The distribution of the colors varied
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TABLE 4 | Parameters estimates for the final zero-inflated Poisson generalized linear model for the association between different herbivorous reef fishes, location, and

number of debris ingested as the response variable.

Variable Estimate SE z-Value P
Count process (Poisson distribution)

Intercept —1.923 2172 —0.885 0.376
log body length 0.362 0.391 0.929 0.353
Species (Kyphosus vaigiensis) —0.798 0.204 —3.903 <0.001
Species (Sparisoma axillare) 0.859 0.129 6.685 <0.001
Location (Arraial do Cabo) 1.364 0.187 7.301 <0.001
Location (Natal) —0.642 0.309 —2.075 0.038
Binary process (Bernoulli distribution)

Intercept —0.191 0.411 —0.465 0.642
Location (Arraial do Cabo) —2.258 0.727 —3.105 0.002
Location (Natal) —0.930 1.093 —0.851 0.395

Showing coefficient estimates of explanatory variables, standard error (SE), test statistic (z-value), and the p-value (p). Coefficient in bold indicates that p-value is significant
at p < 0.05 level. Reference levels for this regression were set as “Acanthurus chirurgus” for species and as “Abrolhos” for location.
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FIGURE 1 | Comparison of debris concentration (debris per fish — ndb/fish) in the gut contents among locations for the three study species. Gray dots are each
analyzed individual, and black dots are the mean for each species in each location. Values are in logarithmic scale for better visualization.
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FIGURE 2 | Density plot of the length of the anthropogenic debris found in the species’ gut contents sampled at each location.
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among locations (Supplementary Figure 2), being mostly black
in Natal (55.2%) and Abrolhos (56%), but blue (54.9%) in Arraial
do Cabo. The blue color also predominates in the contents of
A. chirurgus (60.8%) and K. vaigiensis (88.4%), while both black
and blue represent the same percentage in the gut contents of
S. axillare (43.9%). The fibers and fragments found in the species
from Arraial do Cabo had the highest color variation. S. axillare
was the species with more different colors (blue, black, red,
colorful, transparent, and green). Blue fibers found in the gut
contents were similar to fishing/boating gears parts (e.g., ropes)
and to debris found beached and on the reef bottom at one of the
locations, Arraial do Cabo (Figure 3).

Species and Environmental Traits vs.

Debris Ingestion

Both the ZIP models were a significant improvement over
the standard Poisson model (M1: Vuong test-statistic = 2.314,
p = 0.01; M2: Vuong test-statistic = 1.922, p = 0.03) indicating
statistically significant predictors in the part of the logit model
predicting excessive zero. The ZIP GLM M1 revealed a positive
and significant relationship between body length and scraper
feeding mode with the number of debris ingested (Table 3 and
Figure 4). The bigger the individual, higher was the number of
debris found inside their guts. Moreover, species foraging closer
to the substrate are likely to ingest more debris. In the ZIP GLM
M2, the browser species K. vaigiensis was negatively significant
with the number of debris, while the scraper S. axillare was
positively related to debris concentration (Table 4 and Figure 5).
However, body length did not show the same significance in the
M2 as in the M1. Samples from Arraial do Cabo, where fishing
pressure and tourism activity are more intense, had significant
larger number of debris ingested at both models. The Bernoulli
component of the model also indicated that Arraial do Cabo had
a lower probability of zero values. Yet, in the M2, the location
Natal showed a negative and significant relationship with debris
concentration into species’ gut. Although we have not measured
the amount of debris found in each site, this is likely a result of
higher availability of debris in the subtidal habitats of Arraial do
Cabo than in Natal and Abrolhos.

DISCUSSION

Species from multiple trophic levels, with different feeding
behaviors and mobility, ingest or negatively interact with
anthropogenic debris. In the marine environment, from sessile
invertebrates such as corals (Hall et al., 2015; Rotjan et al., 2019)
to megafauna as mobulid rays and whale sharks (Germanov
et al., 2018), different species were reported to contain plastic
debris within their digestive tracts. How wildlife interacts with
litter in the oceans influences their susceptibility to ingest it
(Wright et al., 2013; Collard et al., 2017). Here, we identified a
link between the species’ functional traits and the anthropogenic
debris ingestion by three species of herbivorous reef fishes. Both
scraper species A. chirurgus and S. axillare, which feed scraping
off the substrate while ingesting endolithic microalgae and a
diversity of components from the epilithic algal matrix (detritus,

sediment loads, and associated flora and fauna), showed higher
ingestion of debris. The browser species K. vaigiensis differently,
feed by cropping macroalgae and turfs, barely ingesting any
detritus and sediment (Mendes et al., 2018), and ingested lower
amount of debris. Comparatively, all specimens collected in
Arraial do Cabo, a marine extractive reserve known to have
areas of multiple use by tourism and fisheries, were the ones
that showed higher ingestion of anthropogenic debris, likely
because of higher availability (lower probability of zero counts).
Although we have not accessed levels of contamination on each
environment, the large proportion of ingested debris from all
species and functional groups at a single location may be a
proxy for a higher site-specific contamination. Thus, these species
may act as bio-indicators for marine pollution, where the higher
susceptibility of scrapers set them as better than browsers at this
task, as expected.

Traits have become the central component of the growing area
of functional or trait—based ecology, relating to the performance
(growth rate, survival, reproduction) of an organism and/or its
contribution to ecological processes (Luiz et al., 2019). Much of
the popularity that trait—based ecology has gained is because
it facilitates generalization across ecological communities with
few species in common, but similar characteristics (McGill
et al., 2006). For example, intrinsic species-level traits play an
important role in species’ susceptibility to ingestion of debris
(Salerno et al, 2021). Filter feeding strategies, for example,
may expose animals to microplastic ingestion (Germanov et al.,
2018, 2019). However, benthic-foraging species could be more
susceptible to it as plastic fibers are known to be more common
in the sediment than floating on surface waters due to biofouling
(Barnes et al., 2009; Maes et al., 2017). Contamination typically
occurs directly as particles are mistaken for food or indirectly
by chance during ingestion of prey that consumed debris or is
coated with them (Wieczorek et al., 2018). The latter process
is most likely for herbivorous fishes, as they can ingest debris
known to deposit or adhere to macroalgae (Gutow et al., 2016;
Goss et al., 2018).

Species with different diets may exhibit different
concentrations of ingested debris, once the alimentary tract could
represent a secondary role in the ingested debris. Pharyngeal mill
presence, gizzard-like, and thin-walled stomachs could represent
different mechanical processing of ingested debris, reducing its
size. Notwithstanding, species with thin-walled stomachs that
feed exclusively cropping over macroalgae tend to have longer
guts and lower feeding rates (Horn, 1989), which could explain
a lower intake of debris in some groups such as our browser
species K. vaigiensis (Table 4 and Figure 5). However, Macieira
et al. (2021) found no debris within grazing parrotfishes in the
southeastern Brazilian coast while invertebrates’ feeders were the
ones with higher ingestion. In accordance, Savoca et al. (2021)
found that grazing species (including acanthurids, parrotfishes,
and kyphosids) ingested plastic less frequently than active
predators. Meanwhile, Mizraji et al. (2017) found omnivores
to have higher ingestion rates due to wider diet sources when
compared to herbivores and carnivores. Although we haven’t
compared different trophic categories, acanthurids, parrotfishes
and kyphosids do differ in diet (Ferreira and Gongalves, 2006;
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FIGURE 3 | Similarity between fibers observed in the wild — attached to algae stranded on the beach (A) and on the reefs (B) of one of the sampling locations (Arraial
do Cabo) — and found in the stomach contents of study species (C,D). Black scale bars in C,D represent 1 mm length. Photos by (A) Ryan Andrades and (B)
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Mendes et al., 2018), and were expected to present different levels
of debris ingestion.

Different feeding habits are likely to represent the major
influence in debris ingestion by these groups. Morphological
and physiological characteristics seem to play an important
role in debris ingestion. For example, by cropping macroalgae
while feeding (Clements and Choat, 1997), K. vaigiensis may
have avoided higher concentrations of debris on the sediment,
contrarily to A. chirurgus and S. axillare that scrape the substrate
while feeding and have higher ingestion of debris possibly sunk
and imbued within sediment and food sources. Yet, higher
ingestion rates by S. axillare when compared to A. chirurgus
might be carried by morphological differences such as dentition
type. Beak-like morphology of parrotfishes’ dentition and mouth
may propitiate higher ingestion of food-associated sediment and
detritus, while some acanthurids have teeth that remove only
detritus by brushing epilithic and turf algae (e.g., Ctenochaetus
striatus; Purcell and Bellwood, 1993), others (as A. chirurgus)
have multi-denticulated teeth that remove the turf algae as well
(Mendes et al., 2018). Although we did not directly measured
mouth size, it allometrically correlates with body size (Karpouzi
and Stergiou, 2003), and species with wider mouth opening
(e.g., larger individuals) is likely to reflect in different debris
ingestion by species. Thus, larger individuals were expected to

ingest more food per bit and, therefore, more anthropogenic
debris (Figure 4). Notwithstanding, comparisons among species
from different sites must be done carefully, as food targeting
also differ. We recommend that further studies comparing debris
concentration adhered or deposited among different substrata
(i.e., frondose vs. turf algae and sediment) could better clarify the
relationship between debris availability and ingestion by different
herbivorous species and families.

Mostly, the ingestion rates found here for the three species
(Table 2) were higher than for other marine herbivorous fishes
reported from literature. For example, Siganus spp., a herbivore
browser similar to kyphosids (Hoey et al., 2013), showed a
concentration of 0.3-0.5 debris/fish in Indonesia (Rochman
et al.,, 2015), but only of 0.15 debris/fish in French Polynesia
(Garnier et al., 2019). Although our kyphosid showed lower
ingestion rates comparing to the other species, these rates ranged
from 0.15 to 1.84 debris/fish, mostly higher than previous
registered. Contrarily, Markic et al. (2018) found ingestion rates
higher in Kyphosus sandwicensis (junior synonym of K. elegans
sensu Knudsen and Clements, 2013) than in acanthurids and
parrotfishes in the South Pacific. However, the K. elegans
individuals analyzed were present in a single location where
acanthurids and parrotfishes were not collected, making difficult
the comparison among species.
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FIGURE 4 | Effect sizes and confidence interval at three levels (80, 95, and 99%) of significance resulted from the zero-inflated Poisson generalized linear model
testing the effect of body length, food acquisition mode, and location on the number of debris ingested.
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Fibers were the most common type found here and are
also the most common shape type within microplastics (Remy
et al,, 2015) and fragments found in the marine environment or
retrieved from examined species worldwide (Markic et al., 2020).
Conversely, recent studies examining reef fishes gut contents
commonly find higher amounts of fibers and artificial cellulose
microfibers, possibly due to the proximity of reef environments
to high populated areas (Macieira et al., 2021). These fibers
may originate from washing machines that can produce more
than 1900 particles per wash of a single garment of synthetic
clothing (Browne et al, 2011), but also from fishing gears
through lost and/or deterioration of these materials (Walker
et al.,, 1997). Rochman et al. (2015) and Markic et al. (2018)

argue that the difference in the shape of debris ingested by
species among locations is linked to a more efficient wastewater
management in more urbanized areas. The lack of proper waste
collection and management increase solid waste disposal in
the environment, being responsible for the higher number of
fragments instead of fibers, which are more common in locations
where treatment stations exist (Rochman et al., 2015; Markic
etal., 2018), and could reflect on the debris found within species’
guts. However, monotony in debris color (black, blue, and a
few red, almost exclusively of bright and vibrant whites, tones
of gray, yellows, browns, and other colors typical of clothing)
strongly argues against the household origin. In fact, black
and blue are dominant in many other studies (Mizraji et al.,
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FIGURE 5 | Effect sizes and confidence interval at three levels (80, 95, and 99%) of significance resulted from the zero-inflated Poisson generalized linear model
testing the effect of body length, species ID, and location on the number of debris ingested.

2017; Baalkhuyur et al, 2018) as were here. A recent study
suggests that color selection, if any, carries deep explanations
for the variation in color debris in marine species (Santos et al.,
2016). The authors expand the theory of protective coloration
(Thayer, 1896) and conclude that species approaching food from
above (e.g., sea birds) would tend to ingest paler debris, while
those reaching food from below (e.g., sea turtles) are likely
to ingest darker ones. This is a neat idea that may explain
much of what happens in open waters but fails at explaining
benthic selection. In another hand, the dominance of clear

blue fibers in our samples and of a downward approach of
fishes to food and debris do not allow us to test Santos et al.’s
(2016) concept. We advocate for an origin linked to boating and
fishing, in particular, mooring and anchoring lines for which blue
and black are dominant and the wear expressive (pers. obs.).
However, because ground-trusted availability was not performed
and plastic composition not accessed, determining fibers origin
will require further investigation.

Many factors may influence the different concentration of
debris among locations, such as environmental availability. For
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example, Markic et al. (2018) linked the higher debris ingestion
of K. elegans to the pollution in one of their sampled locations,
the island of Rapa Nuli, situated within the South Pacific “garbage
patch,” an area known for its high accumulation of marine debris
(Eriksen et al., 2013). Among studied sites, fishing intensity,
tourism activity, and distance from the coast are environmental
traits that could relate to pollution and, therefore, debris
ingestion. For three species analyzed, ingestion rate was higher
in individuals from Arraial do Cabo. This location is the closest
from a urban center within sampling locations, established as an
extractive reserve with multiple use areas, with different fishing
gears used, intense aquatic tourism, and being one of the most
visited dive sites on the southeastern Brazilian coast (Giglio et al.,
2017). Fishing is a well-known issue related to plastic pollution
(Richards, 1994; Derraik, 2002; Copello and Quintana, 2003),
contributing with lost fishing tackles that would harm wildlife
by entanglement or ghost-fishing (Browne et al., 2015) but also
by the deterioration of anchoring cables. The littering on beaches
was already registered and linked to tourism activity in Arraial do
Cabo (Silva et al., 2018), with plastic pollution representing the
main source pollution at different urban and urbanized beaches
across the Brazilian coast (Andrades et al., 2020). It poses a threat
to wildlife in the region, as the reported debris ingestion by
marine sea turtles (Awabdi et al., 2013; Lima et al., 2018), but also
negatively impact the local community that economically relies
on the scenic quality of beaches (Silva et al., 2018; Andrades et al.,
2020).

Worldwide records of debris ingestion by fishes vary in
concentration according to study sites, feeding strategy, and the
methodology used (Markic et al., 2020; Covernton et al., 2021).
Although few studies had demonstrated debris ingestion by reef
fishes (Rochman et al., 2015; Mizraji et al., 2017; Forrest and
Hindell, 2018; Markic et al., 2018; van der Hal et al., 2018; Garnier
et al., 2019), this contamination is worrisome for an environment
already heavily threatened by anthropogenic impacts (Hughes
etal., 2017). Markic et al. (2018) rises the possibility of kyphosids
being an important group to be considered in biomonitoring
programs and that it should not be pooled with other species
in debris’ ingestion studies. We agree that not only families but
species should be considered as a single unit in such studies, and
not be pooled. However, worth to highlight that generalizations
around Kyphosidae family from Markic et al. (2018) must be
analyzed carefully, as the species Girella tricuspidata (classified by
them as a herbivore grazer from the Kyphosidae family) actually
belongs to the Girellidae family (Knudsen and Clements, 2013;
Knudsen et al., 2019) and is an omnivore that feeds mainly on
a mixture of algae, detritus, and small crustaceans (Clements and
Choat, 1997). We did not find higher ingestion rate for kyphosids.
Instead, the species with higher debris ingestion was the gray
parrotfish S. axillare, an already threatened Brazilian endemic
species (VU - ICMBIO, 2021). Feeding on photoautotroph
microorganisms, plus their adaptation to retain such smaller food
items (Clements et al., 2017) while also ingesting high sediment
loads, are indicatives that parrotfishes could be a priority
group for biomonitoring debris contamination. When debris
contamination are soon detected in vulnerable species, it might

help monitoring programs to prevent drastic demographic effects
(i.e, a reduction in population size) due long-term effects of
debris ingestion (Critchell and Hoogenboom, 2018).

The consequences of anthropogenic debris ingestion go
from intestinal lesions and obstruction (Ahrendt et al., 2020)
to intoxication (Rochman et al, 2013). It might lead to
decreasing strength and death by predation or starvation to
contamination by external microbes from biofouling and missing
nutritional opportunities (Boerger et al., 2010; Rotjan et al,
2019; Machovsky-Capuska et al, 2020; Santos et al., 2020).
Thus, the ingestion of indigestible debris may block nutrient
absorption and cause mechanical damage to the intestinal
tract in fishes (Germanov et al., 2018), especially those with
sharp instead of rounded edges (Pirsaheb et al, 2020). Yet,
anthropogenic debris may sorb and accumulate contaminants
and become highly toxic (Barnes et al, 2009; Cole et al,
2013; Setdld et al., 2014), acting as disruptors of the endocrine
system through plastic-derived estrogen mimics released from
aqueous systems into the environment (LaFleur and Schug,
2011). However, bioaccumulation and biomagnification studies
yield controversial results. While bioaccumulation within trophic
levels seem to occur more commonly (Collard et al., 2017;
Miller et al., 2020), and is possible through different pathways
(Santos et al., 2021), the biomagnification across food webs
remains to be confirmed (Miller et al., 2020). Hence, careful
must be taken while analyzing results of biomagnification
and trophic transfer, preferably using realistic contaminants
concentrations as could be found in the wild (Miller et al., 2020;
Savoca et al., 2021). Whether biomagnification occurs or not,
identifying community traits linked to debris concentration is
urgent for understanding contamination throughout food webs
and the different susceptibility of wildlife taxa to litter ingestion
(McNeish et al., 2018).

Here we compared for the first time the debris ingestion rate
among species with similar but different diets, and identified
ecological traits positively related to higher number of debris
(i.e., scraping food acquisition mode). Our results indicate that
feeding strategy do influence species’ susceptibility to debris
ingestion and support previous studies with similar results
(e.g., Mizraji et al, 2017; Germanov et al, 2018), but also
highlight the importance of species-specific trait analyses in
order to improve and better design conservation planning while
identifying vulnerable groups to anthropogenic litter ingestion
(Santos et al., 2016). Additionally, studies embracing a wider
number of taxa with distinctive assemblages and traits will
provide a full comprehension of how and which groups are
more susceptible to debris ingestion. Understanding these links
would help to improve the conservation planning for the
marine environment as some groups act better than others as
biomonitoring tools.
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