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ARTICLE INFO ABSTRACT

Handled by B. Morales-Nin The influence of cage fish farm on the trophic, histopathological and metabolic aspects of a wild fish species

(Geophagus cf. proximus) was evaluated considering diet, liver histopathology and the concentration of total

Keywords:

En}:;:onmental influence proteins in the liver, gonads and muscles in fish from two sampling areas (cage farm and control). Diet com-
Aquaculture position and trophic niche breadth differed significantly between the sampling areas. Detritus, aquatic plants and
Trophic ecology Cladocera composed the diet in the control area, while mollusks and pelleted feed, followed by detritus, were
Metabolism highly representative of the diet of fish in the cage farm area. More severe histopathological alterations were
Histopathology

found in the specimens collected in the cage farm area. These alterations include severe pancreatic hyperplasia
and hepatic steatosis. Total protein concentrations in muscles showed no significant difference between the
areas. For the liver, the highest concentration was found in fish from the cage farm area, whereas for gonads,
higher values were detected in the fish from the control area. These results show that there were hepatic and
gonadal metabolic changes in farm-associated specimens compared to specimens from the control area. The high
protein and lipid contents of the diet promoted severe histopathological alterations in the liver, impairing he-
patic function and possibly interfering in the mobilization of proteins to the gonads. Thus, the relationship
between dietary changes and histophysiological alterations suggests an influence of cage fish farm on the
ecology of farm-aggregated fish species.

1. Introduction Schulter and Vieira Filho, 2017). Oreochromis niloticus is the second
most cultivated species worldwide, and it is the most abundantly pro-
duced fish species in Brazilian aquaculture (219,329 tons = 45.4% of

fish production in 2015) (IBGE, 2015).

Brazil is one of the largest agricultural markets in the world and has
an emphasis on zootechnical activities related to aquaculture, with

estimates of growth of more than 100% by 2025 (Kubitza, 2015; FAO,
2016). The tropical climate and high availability of water resources,
represented by more than 8500 km of coastline and 4.2 million hectares
of water dammed in reservoirs, favor Brazilian aquaculture (Borges,
2014; Kubitza, 2015). These factors have led to the rapid growth of
aquaculture and have raised questions about the potential environ-
mental effects caused by this activity.

The most important type of aquaculture is cage fish farm, which in
Brazil is usually carried out in the reservoirs of hydropower plants
(Abrunhosa, 2011). Species successfully cultivated in these enterprises
include tambaqui (Colossoma macropomum), tambacu (Colossoma
sp. X Piaractus sp.), pacu (genus Piaractus), carp (Cyprinus carpio,
Aristichthys nobilis, Ctenopharyngodon idella) (Abrunhosa, 2011) and ti-
lapia (Oreochromis niloticus and its lineages) (Kirchner et al., 2016;
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Cage fish farm in freshwater ecosystems is an intensive cultivation
model in which fish are stored at high density, confined in floating
structures in natural or semi-natural aquatic systems and provided with
an intense pelleted feed supply, thus requiring continuous water re-
newal (Agostinho et al., 2007; Abrunhosa, 2011). This production
model is known to cause changes in hydrological dynamics and the
physical and chemical characteristics of the water, strongly interfering
with habitat availability and quality and environmental trophic status
(Agostinho et al., 2007; Tundisi, 2007). In this sense, cage fish farm in
freshwater ecosystems represents additional influences in places that
are already subject to changes in their environmental characteristics,
fauna and flora (Ramos et al., 2008). This mode of production promotes
several abiotic and biotic changes in the aquatic ecosystems used for
this purpose and in adjacent areas.
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Fig. 1. Study area: Grande River, Ilha Solteira Reservoir, State of Sdo Paulo, Brazil.

Studies on cage fish farm in freshwater systems have demonstrated
changes in wild fish species on reproductive aspects of Pimelodus ma-
culatus (Brandao et al., 2014) and influence parasitological factors in
Plagioscion squamosissimus (Ramos et al., 2014). In addition, inter-
ference in settlement patterns has also been reported (Agostinho et al.,
2007; Mallasen et al., 2012) due to the input of organic matter from
cages and the introduction of non-native species (Zanatta et al., 2010),
mainly through fish escaping from cultivation (Agostinho et al., 2007).
As a consequence, there may be changes in the population dynamics of
wild fish with the aggregation of fish in these areas (Ramos et al., 2013;
Brandao et al., 2013; Ortega et al., 2015), as well as interference with
the trophic ecology (Brandao et al., 2012; Ramos et al., 2013, Edwards,
2015) and the nutritional condition of fish (increased condition factor
values) (Ramos et al., 2013; Ortega et al., 2015), when fish, mainly
omnivores, feed on available food pellets.

Influences on the diet and fatty acid composition of wild fish due to
feed on food pellets in the area around cage fish farm has also been
reported for marine environments (Fernandez-Jover et al., 2007;
Fernandez-Jover et al., 2011; Arechavala-Lopez et al., 2011). In addi-
tion, morphophysiological alterations in the organs of fish caused by
the consumption of the food pellets have also been reported (Ségade
et al., 2015; Zhang et al., 2017). Therefore, histophysiological studies
conducted in conjunction with dietary assessments are efficient tools
for detecting alterations in tissues and organs that result from changes
in diet (Bernet et al., 1999; Baldisserotto, 2013). Moreover, they allow
the visualization of biotic and abiotic effects on physiological functions
such as nutrition, growth and reproduction (Saraiva et al., 2015,
Yancheva et al., 2016). These tools can help build an understanding of
the influence of freshwater cage fish farm on wild biota.

One of the ways to identify histophysiological effects is by quanti-
fying cellular changes in organs, such as the liver, and changes in levels
of metabolites, such as total protein contents. The liver plays a key role
in the mobilization and metabolism of food molecules and is essential
for organisms in detoxification (Bernet et al., 1999; Shiogiri et al., 2012;
Yancheva et al., 2016). Morphofunctional alterations in the liver reflect
the physiological responses of other organs, such as muscles and
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gonads. The function of the musculature is directly linked to the
swimming performance and anaerobic condition of the fish (Mommsen,
2001), which his directly related to the ability to capture food and
avoid predators. At the reproductive level, metabolic and histophysio-
logical changes in the gonads can directly affect the success of vitello-
genesis, the recruitment of oocytes and spawning, with consequences
for the long-term maintenance of viable natural populations
(Baldisserotto et al., 2014).

Studies related to the concomitant effects of dietary changes and
histophysiological responses in wild populations of fish subjected to the
effects of cage fish farm are lacking in the Neotropical region. Thus,
omnivorous fishes with high trophic plasticity and a strong ability to
adapt to anthropogenic environments, such as Geophagus cf. proximus
(Castelnau, 1855), are good models to evaluate the effects of inter-
ference from cage fish farm on wild biota. This species was introduced
through cage fish farm (Langeani et al., 2007) and is one of the most
abundant species in the Ilha Solteira Reservoir.

In this context and considering that the pelleted feed supplied to fish
in cage farms has high protein and lipid contents and that there is a
surplus of this material in the surrounding aquatic environment, it was
hypothesized that direct pelleted feed intake causes changes in the liver
at the level of tissues and cells, as well as changes in metabolite con-
centrations. This study had the following objectives: i) to evaluate the
diet of G. cf. proximus and determine if the species consumes surplus
pelleted feed in the area surrounding cage fish farm; ii) to check if the
consumption of surplus pelleted feed influences the condition of this
species; iii) to analyze whether there are structural alterations in he-
patic tissue in this species due the high concentration of proteins and
lipids in artificial pelleted feed; and iv) to verify the physiological re-
sponses, as reflected by total protein concentrations in the muscles,
gonads and liver, in specimens that consume pelleted feed.
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2. Material and methods
2.1. Study area

The Ilha Solteira Reservoir is an accumulation reservoir formed by
the Parana River in the region of the Upper Parana River (Fig. 1). It has
an average depth of 17.6 m, a maximum volume of 21.06 x 10°m>, a
basin area of 1195 km? and a residence time of 46.7 days (Garcia et al.,
2014). In this reservoir, there are approximately 80 cage fish farms (inf.
pess. CATI of Santa Fé do Sul municipality). The studied fish farm is
located in the Can-Can arm of the reservoir (Fig. 1). Currently, the fish
farm rears Nile tilapia (O. niloticus) and has approximately 230 cages
that are 18 m® and 18 cages that are 144 m®, with pelleted feed pro-
vided at a rate of 4375kg/day. The pelleted feed used contains ap-
proximately 32% crude protein, 10% mineral matter, 6% ether extract,
5% fiber matter, 3.5% calcium, 1.5% phosphorus, and vitamins and
other minerals in smaller proportions.

2.2. Field collection

The collection of specimens of G. cf. proximus was carried out in
April 2016 using gill nets with different mesh sizes (3-16 cm between
nonadjacent knots), which were left out for approximately 14h.
Sampling was conducted in two areas with similar characteristics in
terms of hydrodynamics and temperature: one within the area used for
cage fish farm (cage farm area) and the other approximately 10km
upstream, without any influence from the cage fish farm (control area)
(Fig. 1).

Voucher specimens were deposited in the fish collection of
Universidade Estadual Paulista “Jdlio de Mesquita Filho” (DZSJRP-
Pisces 8898).

2.3. Laboratory procedures

2.3.1. Diet

The collected specimens were placed individually in plastic bags
and gradually cooled to rapidly decrease their metabolic activity until
death according to SISBIO authorization number 42229-1. The proce-
dure was approved by the Ethics Committee on Animal
Experimentation of the Universidade Estadual Paulista “Jdlio de
Mesquita Filho”, authorization number 001,/2014.

The specimens were identified (Graca and Pavanelli, 2007) and
were measured with regard to standard length (cm) and total weight
(g). Subsequently, their stomachs and intestines were removed and
fixed in a 4% formaldehyde solution. The stomach contents were ex-
amined under an optical stereomicroscope. Food items were identified
using the identification keys of Bicudo and Bicudo (1970) for algae and
of Mugnai et al. (2010) for invertebrates and were quantified according
to the volumetric method; i.e., the total volume of a food item taken by
the fish population is given as a percentage of the total volume of all
stomach contents (Hyslop, 1980), with measurements made using
graduated test tubes and a glass counting plate (Hellawell and Abel,
1971).

2.3.2. Histological analysis

Eight adult specimens of G. cf. proximus were selected from each
sampling area. The livers were removed and fixed by immersion in a
Karnovsky solution (Abrahao et al., 2004). After fixation, the tissues
were dehydrated in an increasing ethanol series, cleared in xylene and
embedded in Paraplast“" (Sigma-Aldrich — USA). Semi-serial cross-sec-
tions and longitudinal sections of 5 um thickness were obtained with an
Olympus CUT 4060 microtome (MicroTec- Germany). The sections
were stained with Harris hematoxylin and eosin (HE). All sections were
observed using a Olympus BX60 photomicroscope (Olympus, Melville,
NY), and the images were recorded using a digital camera DP71 and DP
controller 3.2.1.276 software (Olympus, Melville, NY).
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2.3.3. Quantification of total proteins

The total protein concentration was determined for 10 samples (one
per specimen) of liver, gonad and muscle tissue from each area (cage
farm and control). The total protein content of each of these tissues was
measured according to the method of Lowry et al. (1951). Precipitation
and solubilization were performed as described by Milligan and Girard
(1993). Total protein concentrations were measured in a spectro-
photometer at 660 nm based on a standard curve generated from bovine
serum albumin (Sigma Diagnostics INS, St. Louis, MO, USA).

2.4. Data analysis

To test for possible significant differences in standard length was
compared between fish from the sampling areas by the Mann-Whitney
test (U test).

To test for possible significant differences in diet composition be-
tween fish from the cage farm and control areas, a permutational
multivariate analysis of variance (PERMANOVA) was applied using the
Bray-Curtis index, with 9999 random permutations (Anderson, 2001).
Food items responsible for the differences between the areas (cage farm
and control) were evaluated using the similarity percentage method
(SIMPER). All possible pairs of samples were compared using the Bray-
Curtis measure (Clarke, 1993).

A multivariate homogeneity of dispersion test (PERMDISP;
Anderson, 2004, 2006) was used to check for variability in the diet
between the specimens of G. cf. proximus from each sampling area (cage
farm and control). By using PERMDISP, the distance from the median
(i.e. similar to the centroid) of a group defined a priori is calculated; in
this case, the species/sampling area analyzed through a principal co-
ordinate analysis (PCoA). This procedure allows for the verification of
homogeneity of an individual diet by comparing the dispersion between
and within the groups (Silva et al., 2017). The calculation of the median
of the group was performed using the Bray-Curtis dissimilarity measure,
which allows the comparison of the average dissimilarity in n in-
dividual observations within the group. Subsequently, the niche
breadth was measured on the basis of the spatial dispersion of the diets.
The test was conducted with a dietary similarity matrix. The assump-
tion was that differences in the distance of the dispersion of the diet
between sampling areas (cage farm and control) indicate whether the
individuals from each area have more restricted or broader diets. (i.e., a
greater distance indicates a broader niche) (Correa and Winemiller,
2014). To test the null hypothesis that the niche breadth did not differ
among the groups (fish from the cage farm and control areas), an F
statist was calculated to compare the average distance of each sample to
the median of the group. Subsequently, the p value was obtained
through 9999 permutations of the residuals of the least squares
(Anderson, 2006). Post hoc pairwise comparisons were made by Tu-
key’s Honest Significant Difference method.

Shannon’s diversity index (H’) was calculated to verify the diversity
of food items in each sampling area (cage farm and control) (Pielou,
1975).

To check the nutritional state of an individual at a larger scale, the
relative condition factor (Kn) was calculated using the standard length
(Ls) and total weight (Wt) in the equation (Kn = Wt/We), where Wt is
the observed individual weight and We is the estimated weight of the
individual based on the relationship between standard length and weight
(Le Cren, 1951). The relative condition factor is the ideal model for this
study because, according to Le Cren (1951), it takes into account the
expected weight and the observed weight, minimizing the effects of re-
productive or gonad-formation events since the ratio between the ob-
served and expected weight is equal to one (1) under normal conditions.
Furthermore, any change in this ratio will cause variations in this cal-
culation. Thus, environmental alterations, lack of food or even para-
sitism, can affect with the calculation of the relative condition factor. The
relative condition factor values were compared between fish from the
sampling areas by the Mann-Whitney test (U test).
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Definition of histopathological alterations in the liver observed in Geophagus cf. proximus in the Ilha Solteira Reservoir, Upper Parand River, Brazil.

Histopathological alteration Definition

Reference

Cytoplasmic vacuolization

The accumulation of lipids in the vesicles as a cellular response to the presence of lipophilic chemical

Oliveira Ribeiro et al. (2012)

agents in an attempt to immobilize these substances and avoid their interaction with the other cellular
components and, thus, minimize their toxic effects.

Aggregates of melanomacrophages

Leukocyte infiltration
and infiltrate the surrounding tissue.
Hyperemia

Cytoplasmic degeneration
occur.
Vascular congestion

Inflammatory response assisting in the process of eliminating lipids by neutralizing the free radicals
produced by the phagocytosis of polyunsaturated lipids, in addition to the removal of necrotic cells.
Leucocytes are a sign of inflammation and hypersensitivity. They can penetrate the walls of blood vessels
Sinusoid dilatation characterized by blood congestion with consequent liver hyperemia.

When hepatocytes are unable to metabolize and mobilize lipid vesicles, cytoplasmic degeneration may

Obstructions in the blood vessels, promoting their dilation. Circulation velocity decreases at the site of

Agius and Roberts (2003), Mela
et al. (2007)
Bernet et al. (1999)

Bernet et al. (1999), Paulino
et al. (2014)

Lee et al. (2012), Kumar et al.
(2013)

Roberts (1989), Verlag (1982)

obstruction, promoting blood accumulation and lesions in epithelial tissue.

Necrosis

Morphological state of a cell or tissue that appears after irrevocable loss of cell function.

Bernet et al. (1999)

Histological alterations were quantified in five random microscopic
fields/section for five sections/sample. The incidence and distribution
of liver lesions (Table 1) were evaluated based on the following criteria:
0, absent (absence or lesions in up to 10% of the total tissue analyzed);
0+, rarely present (lesions in 11%-25% of the analyzed tissue); +,
present (lesions in 26%-50% of the analyzed tissue); + +, frequent
(lesions in 51%-75% of the analyzed tissue) and + + +, very frequent
(lesions in 76%-100% of the analyzed tissue) (Paulino et al., 2014).

The presence of histological alterations in the liver was evaluated
semi-quantitatively by the histopathological index of the liver (HI)
based on the severity of the lesions, calculated according to Camargo
and Martinez (2007) and as modified from Poleksic and Mitrovic-
Tutundzic (1994). The alterations were classified into progressive
stages in the tissue as follows: stage I, which do not alter the normal
functioning of the tissue; stage II, which are more severe and interfere
with tissue functioning; and stage III, which are very severe and cause
irreparable damage. The HI;, was calculated from the sum of the types
of lesion for each of the three stages and multiplied by the stage index
using the following equation proposed by Poleksic and Mitrovic-
Tutundzic (1994):

b
H=10°) ai+10' ) bi+10* ) c

in which a = first stage alterations (SI), b = second stage alterations
(SID) and ¢ = third stage alterations (SIII). HI;, values between 0 and 10
indicate a normal function of the organ; values between 11 and 20
indicate mild to moderate damage; values between 21 and 50 indicate
moderate to severe damage; values between 51 and 100 indicate severe
damage; and values above 100 indicate irreversible damage (Poleksic
and Mitrovic-Tutundzic, 1994).

The mean alteration value of the liver (MAVy) for each specimen
was calculated according to Schwaiger et al. (1997) and as modified by
Paulino et al. (2014) using the following numerical values: 0-1, no
pathological alterations; 1.1-2, focal mild alterations; 2.1-3, moderate
spread of lesions; 3.1-4, frequent lesions; and 4.1-5, widely distributed
lesions.

To quantify the level of hepatic steatosis (HS), a scale based on the
classification of Brunt (2001) and adapted for fish was used. Thus, HS
ranges from O to 3, where 0 indicates that less than 5% of hepatocytes
are affected; 1, that from 5 to 30% are affected; 2, that from 30 to 60%
are affected; and 3, that more than 60% are affected.

Possible differences in HI;, MAV;, and total protein concentrations
between fish from the sampling areas were tested using a Student’s t-
test.

The protein concentrations for livers and gonads were compared
between fish from the sampling areas by the Mann-Whitney test (U
test).

PERMANOVA and PERMDISP were run using the R programming

340

environment, with the help of the Vegan package (R Development Core
Team, 2015). For Student’s t-tests, SigmaStat 3.1 (Jandel Scientific,
USA) was used. SIMPER, H’ and the U test analyses were run using
PAST version 2.16 (Paleontological Statistics Software) (Hammer et al.,
2001). For all statistical analyses, a value of p < 0.05 was adopted as
the threshold for significance.

3. Results
3.1. Diet and relative condition factor

For the analysis of stomach contents, a total of 31 G. cf. proximus
individuals from the control area and 32 individuals from the cage farm
area were used. The standard lengths of the fish ranged from 8 to 15 cm,
and there was not a significant difference between fish from the two
sites (z = —1.9177, p = 0.055). Geophagus cf. proximus consumed
items from varied sources and origins, indicating an omnivorous diet.
The main items ingested in the control area were detritus, aquatic
plants and Cladocera, while Bivalvia, pelleted feed and detritus were
the most representative of the diet of specimens from the cage farm area
(Table 2).

Significant differences in diet composition were found between
areas (PERMANOVA, DF = 1; F = 6.09, p = 0.0001). According to the
SIMPER analysis, detritus, Bivalvia and pelleted feed were the items
that contributed most to the differentiation of the diet between the cage
farm and control areas. Bivalvia and pelleted feed were more abundant
in the cage farm area, and detritus was more common in the control
area. It should be noted that pelleted feed was only present in the diet of
fish from the cage farm area (Table 3).

The average trophic niche breadth was highest for individuals in the
cage farm area (Fig. 2). However, the dietary variability among the
specimens was lower, that is, they concentrated their diet on a few
items, especially pelleted feed and Bivalvia. Fish from the control area
exhibited a lower trophic niche breadth (Fig. 2) and greater dietary
variability among the specimens. The average trophic niche breadth
differed significantly between the sampling areas (PERMDISP, DF = 1;
F =5.73, p = 0.03).

The Shannon’s diversity index for the food items consumed in both
areas showed higher values for the control area (H’- 2.24) in relation to
the cage farm area (H’- 1.8), correlating with the greater variability of
food items in the control area (Fig. 2).

All individuals captured (Table 2) were used to verify nutritional
statuses at both sites. It is worth mentioning that as many adults as
possible were used in order to reduce the effects of size classes. No
significant differences were detected in the relative condition factor
between the sampling areas (z = —0.62296; p = 0.53).
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Table 2

Food items consumed by Geophagus cf. proximus in the Ilha Solteira Reservoir, Upper
Parand River, Brazil. Values are based on percentage data for the volumes of food items.
Bold values represent items that contributed most to the diet of the species between the
sampling sites.

Local Control Cage farm
Abundance 76 40
Stomach numbers 31 28
Length class ranges 8-15cm 8-15cm
Food item Volume (%) Volume (%)
Bacillariophyceae 0.09

Cloroficeae 0.44

Chordariaceae 0.04

Aquatic plants 9.72 1.67
Copepod 0.18

Cladocera 7.14

Ostracods 0.61

Bivalvia 3.53 25.61
Gastropoda 3.58 14.07
Mollusca 0.04

Scales 9.56 3.79
Diptera larvae 6.22 1.00
Diptera pupa 0.05 0.15
Ephemeroptera 0.58

Trichoptera 0.05

Plecoptera 0.02

Odonata 3.64

Remains of aquatic insects 8.58 0.58
Terrestrial plants 9.86 9.09
Diptera adults 0.01

Aranae 0.02

Acari 4.30

Remains of terrestrial insects 0.22 0.19
Detritus 31.53 20.67
Pelleted feed 23.20

Table 3

Results of the dissimilarity analysis (SIMPER) for the proportion of food items found in
Geophagus cf. proximus between the sampling areas in the Ilha Solteira Reservoir, Upper
Parané River, Brazil.

Food item  Overall Contribution% Cumulative Mean abundance
average contribution
dissimilarity % Control Cage farm
Detritus 83.7 25.8 25.8 0.0258 0.0163
Bivalvia 20.8 46.6 0.0054 0.0345
Pelleted 17.7 64.3 0.0 0.0202
feed
Aquatic 8.0 72.3 0.007 0.001
plants
Terrestrial 6.7 79.0 0.001 0.007
plants
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Fig. 2. Variation in the dietary breadth of Geophagus cf. proximus assessed using PERM-
DISP for the sampling areas (control and cage farm) in the Ilha Solteira Reservoir, Upper
Parand River, Brazil. Boxes show the lower and upper endpoints, representing the 25th
and 75th quartiles, respectively, and demonstrate the individual variability of the diet.
The horizontal bar within each box represents the average dietary.
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3.2. Histopathological alterations in the liver

The hepatic parenchyma of G. cf. proximus showed hepatocytes with
a central nucleus, prominent nucleoli and homogeneous cytoplasm, as
well as diffuse pancreatic tissue. This organ is called the hepatopan-
creas (Fig. 3A and B). The liver of fish from the cage farm area pre-
sented alterations, such as hyperemia, severe vascular congestion, cy-
toplasmic degeneration, an absence of nuclei, and foci of necrosis
(Fig. 3C-H). Mild alterations such as leukocyte infiltration (Fig. 3F),
aggregates of melanomacrophages (Fig. 3G) and cytoplasmic vacuoli-
zation (Fig. 3H) were observed in fish from both sampling areas. No
hypertrophic nuclei, nuclei in lateral positions or pyknotic nuclei were
observed in any of the specimens.

The livers of fish sampled from both areas presented low frequencies
of histopathological alterations (Table 4). However, it was observed
through the HI; and MAVy, indices, that the histopathological alteration
of the specimens from the cage farm area was more severe, with a
higher frequency and irreparable lesions, compared to those in fish
from the control area (Table 4). In addition, intense pancreatic hyper-
plasia and the presence of intrahepatic adipocytes were identified in
hepatopancreas from fish from the cage farm area (Fig. 4A-D). In the
cage farm group, 83.4% grade 2 steatosis and 16.6% had grade 3
steatosis, while in the control group, 66.6% had grade O steatosis and
33.3% had grade 1 steatosis.

3.3. Metabolic physiology

There was no statistical difference in total protein concentrations in
muscle tissues between fish from the evaluated areas (t = 0.804;
p = 0.455). However, hepatic and gonadal tissues presented significant
differences in concentrations between fish from the two areas. Higher
concentrations of hepatic proteins were found in fish from the cage
farm area (t = 17; p = 0.032), while higher concentrations of gonadal
proteins were found in fish from the control area (t = 39; p = 0.016)
(Fig. 5).

4. Discussion

The high consumption of pelleted feed by G. cf. proximus in the area
under the influence of the cage fish farm showed the interference from
this cultivation system in the trophic ecology of this wild species. In
addition to the consumption of pelleted feed, the important contribu-
tion of Bivalvia and Gastropoda as food sources of G. cf. proximus in the
cage farm area was demonstrated. The abundance of these items is
related to local organic enrichment, which can occur due to the con-
stant input of organic matter. This input attracts filter-feeding in-
vertebrates and detritivores, such as Bivalvia and Gastropoda (Nabirye
et al., 2016).

Although fish are generally flexible in their diets (Gerking, 1994;
Abelha and Goulart, 2004), drastic changes in the availability and
supply of resources particularly affect more generalist and omnivorous
species, as in the case of G. cf. proximus. Thus, considering that in-
dividuals will consume the most available food items, in this case feed
pellets and mollusks, it can be inferred that the change in diet will cause
changes at other levels of the food chain. This pattern of interference by
cage fish farms on freshwater ecosystems has also been reported for
other omnivorous species, such as Metynnis maculatus (Ramos et al.,
2008; Demétrio et al., 2012), Pimelodus maculatus, Astyanax lacustris
(=Astyanax altiparanae) (Ramos et al., 2013) and Apareiodon affinis
(Brandao et al., 2012). This pattern is also reported in the marine en-
vironment for the wild species Boops boops (Fernandez-Jover et al.,
2008; Arechavala-Lopez et al., 2011), Trachurus mediterraneus
(Fernandez-Jover et al., 2007; Fernandez-Jover et al., 2008), Sardinella
aurita and Trachinotus ovatus (Fernandez-Jover et al., 2008).

It is worth mentioning that although the process of damming en-
vironments constitutes an undeniable source of ecological impacts
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Fig. 3. Representative histopathology in the livers of Geophagus cf. proximus under the influence of cage fish farm in the Ilha Solteira Reservoir, Upper Parand River, Brazil. A, normal
liver; B, hepatopancreatic tissue (black asterisks); C, vascular congestion (white arrow); D, necrosis (N); E, hyperemia (white asterisks); F, leukocyte infiltration (double arrow); G,
aggregates of melanomacrophages (M) among pancreatic tissue (black asterisks); and H, cytoplasmic vacuolization (arrow head) and cytoplasmic degeneration (black arrow). Staining:

Harris hematoxylin and eosin. Scale bar is in pm.

(Agostinho et al., 2007) that can alter the trophic structure (Hahn and
Fugi, 2007; Delariva et al., 2013), cage fish farm systems are additional
and direct sources of organic matter in these systems. This hypothesis
gains support since the current results demonstrate a clear difference in
the diet composition of the species between an area under the influence
of cage fish farm and an area free from this influence. The consumption
mainly of items of autochthonous origin, such as detritus, aquatic plants
and Cladocera in the control area and of pelleted feed and Bivalvia in
the cage farm area indicate that the easy acquisition and high avail-
ability of nutrients from the cage fish farm substantially affected the
trophic ecology of the evaluated species, following the theory of op-
timal foraging (Gerking, 1994).
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Tropical rivers have large amounts of detritus and sediment due to a
climatic regime with high temperatures and intense rainfall events
(Bowen, 1984; Ibanez et al., 2009). This detritus consists of the remains
of plants, animals and organisms associated, for the most part, with
particles of inorganic sediment. In this sense, the high occurrence of
detritus in tropical rivers may explain its important contribution to the
diet of fish, both in the control area and in the cage farm area. More-
over, the higher sedimentation rate in cage farm areas contributes to
the formation of deposits of this material on the bottom and to their
increased availability to fish (Brandao et al., 2012; Ramos et al., 2013;
Edwards, 2015). In addition, the benthic habit, as well as the protractile
and terminal mouth of the species studied herein, favors the
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Table 4

Histopathological alterations in the livers of Geophagus cf. proximus from the sampling
areas (control and cage farm) in the Ilha Solteira Reservoir, Upper Parana River, Brazil;
scores: 0 (0-10%); 0+ (11-25%); + (26-50%); + + (51-75%); + + + (76-100%). Mean
alteration values (MAVs) and the histopathological index (HI) of the liver (L) for
Geophagus cf. proximus. Index values are expressed as the mean *+ SEM (n = 8 animals/
group). Student’s t-test; * p < 0.001. « indicates a value equal to zero.

Histopathological alterations Stage Local
Control Cage farm

Hypertrophic nuclei 1 0- 0-
Nuclei in lateral position I 0- 0-
Cytoplasmic vacuolization I 0(5.56 = 5.58) 0+ (9.55 *= 8.18)
Aggregates of melanomacrophages I 0(0.5 = 0.4) 0(3 = 0.34)
Leukocyte infiltration 1 0- 0(1.91 = 1.73)
Hyperemia I 0- 0(5.6 = 1.38)
Cytoplasmic degeneration I 0- 0(22 = 2.24)
Vascular congestion i 0- 0(1.2 = 0.79
Pyknotic nuclei I 0- 0-
Nucleus absence I 0- 0(1.1 = 1.07)
Necrosis 111 0- 0(6.2 = 1.47)
Histopathological Index Local

Control Cage farm
Histopathological Alteration Index (HI;) 1.75 = 1.22 117.3 + 2.09*
Mean alteration values (MAV}) 1.50 + 0.34 3.83 + 0.47*

consumption of food near the substrate (Gerking, 1994; Castro et al.,
2004; Graca and Pavanelli, 2007). The consumption of detritus was also
reported by Moretto et al. (2008), demonstrating that this food item is
frequently consumed by G. cf. proximus. Furthermore, herbivorous
(Silva et al., 2005) and insectivorous (Vidotto and Carvalho, 2009)
habits were also described, which suggests that the species can change
its feeding habit according to the availability of resources and en-
vironmental conditions.

Species of the genus Geophagus have been used as indicators of
negative impacts on aquatic ecosystems, especially rivers with little or
no riparian vegetation and anthropically altered environments, since
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their tolerance to hypoxia and their generalist habit (Caetano et al.,
2016; Cetra and Ferreira, 2016; Morais et al., 2016; Gomes et al., 2016),
favor colonization in these environments. In this way, if they have
available food, these individuals can perform other essential activities,
such as growth and reproduction.

The opportunistic and omnivorous habit of G. cf. proximus favors the
consumption of pelleted feed, which is highly available in areas of cage
fish farm, as demonstrated in the results of this work. Pelleted feed
contains ingredients that, while favoring a positive energy balance
(Edwards, 2015), can cause serious problems in the tissues and organs
of the fish and thus affect the individual’s fitness, with severe con-
sequences for the long-term survival of the individual (Takashima and
Hibiya, 1995; Fernandez-Jover et al., 2007). Positive energy balance
has been reported for fish species from both marine (Fernandez-Jover
et al., 2007; Fernandez-Jover et al., 2008; Arechavala-Lopez et al.,
2011) and freshwater environments (Brandao et al., 2012; Ramos et al.,
2013), with the highest condition factor for the individuals sampled in
the vicinity of the cage fish farms, as a result of the feed intake. How-
ever, in this study, the results of the relative condition factor did not
demonstrate influence of cage fish farm on the current nutritional
condition.

Nevertheless, histopathological alterations in the livers of the spe-
cimens from the cage farm area were found. Hepatic steatosis was also
observed only in fish from the cage farm area. Thus, it is inferred that
these alterations could have been triggered by the greater consumption
of Mollusca (Bivalvia and Gastropoda) and pelleted feed in the cage
farm area. Mollusca in its integral form (valves and body content) has a
crude protein content of 12.95% (Canzi, 2011), and pelleted feed has
high levels of proteins and lipids that can promote rapid growth and fat
accumulation, as well as modification in fatty acid patterns (Fernandez-
Jover et al., 2007; Fernandez-Jover et al., 2008; Arechavala-Lopez
et al.,, 2011). Studies have demonstrated a relationship of histopatho-
logical changes with the consumption of a diet containing high protein
and lipid levels for both freshwater (Liu et al., 2016; Zhang et al., 2017)
and marine cultured fish species (Ségade et al., 2015; Piaoping et al.,
2016), corroborating the results of this work. In addition, for marine
environment abnormal levels of the hepatic index associated to feed
consumption were observed (Fernandez-Jover et al., 2007).

Fig. 4. Photomicrograph of livers of Geophagus cf.
proximus under the influence of cage fish farm in the
Ilha Solteira Reservoir, Upper Parana River, Brazil. A
— Normal hepatopancreas — diffuse pancreatic tissue
(arrow) in hepatic tissue (H); B, pancreatic hyper-
plasia (arrow head); C, intrahepatic adipocytes
(arrow); and D, adipose tissue associated with hepa-
topancreas (*). Staining: Harris hematoxylin and
eosin. Scale bar is in pm.
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Lipids can be found in adipocytes associated with the hepatopan-
creas in the form of intrahepatic adipocytes or as small droplets inter-
spersed with cell organelles (cytoplasmic vacuolization) (Takashima
and Hibiya, 1995; Yancheva et al., 2016). In this study, the presence of
the three forms of lipid deposition reported in the literature was ver-
ified, which are considered frequent in fish associated with cage fish
farm due to the high concentration of proteins and lipids in pelleted
feed (Takashima and Hibiya, 1995). Studies of Mediterranean coastal
fish farms demonstrated higher muscle fat content and modification in
fatty acid patterns in farm-associated fishes (Fernandez-Jover et al.,
2007; Arechavala-Lopez et al., 2011; Ségade et al., 2015). Thus, it is
observed that modifications in metabolic aspects due to pelleted feed
consumption occur in both freshwater and marine environments. It is
important to emphasize that excess protein in the liver is stored as lipids
after the deamination of amino acids, and these lipids will be used as an
energy source, which causes an overload in liver function (Hepher,
1989; Almeida et al., 2011). This metabolic pathway may also have
contributed to the steatosis verified in the livers of fish from the cage
farm area.

Thus, a cascade of alterations triggered by hepatic steatosis may
have caused functional and structural damage to the livers in the fish
analyzed. In an initial process, when the liver stores lipids in the form of
vacuoles, cytoplasmic vacuolization occurs. Subsequently, when it is
unable to metabolize and mobilize them, cytoplasmic degeneration may
occur (Lee et al.,, 2012). In a more advanced stage, cytoplasmic de-
generation can promote damage to membrane integrity and extra-
vasation of the cellular contents, leading to an inflammatory response
through the action of lysosomal enzymes (Stentiford et al., 2003; Lee
et al.,, 2012; Kumar et al., 2013, Yancheva et al., 2016). Lysosomes
enter the cytoplasm and digest the cell, resulting in necrosis (Kumar
et al., 2013). Necrosis was the most severe alteration observed in G. cf.
proximus livers and was more frequent in fish from the cage farm area
than in the control area. Studies have shown that nutritional im-
balances, such as a diet containing high protein concentrations, can
lead to cellular lesions (Kumar et al., 2013) and disorders in protein
synthesis and carbohydrate metabolism (Mela et al., 2007; Yancheva
et al., 2016).

Lesions and inflammations due to cytoplasmic vacuolization, cyto-
plasmic degeneration and necrosis explain the presence of the histo-
pathological alterations observed in the livers of fish from the cage farm
area, including melanomacrophage aggregates, leukocyte infiltration,
hyperemia and vascular congestion. Melanomacrophage aggregates
assist in eliminating lipids by neutralizing the free radicals produced by
the phagocytosis of polyunsaturated lipids, in addition to the removal
of necrotic cells (Agius and Roberts, 2003; Mela et al., 2007). Leukocyte
infiltration is a sign of inflammation and hypersensitivity (Tripathi and
Srivastav, 2010). Hyperemia suggests increased blood flow in the liver
tissue, which helps in the transportation of macrophages to the da-
maged areas and in the oxygenation of these areas. These factors may
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Fig. 5. Concentrations of total hepatic, gonadal and muscle proteins (g/
100 g) in Geophagus cf. proximus for the sampling areas (control (CT) and
cage farm (CF)), in the Ilha Solteira Reservoir, Upper Parana River, Brazil.
Data are expressed as the mean =+ standard error. Different letters (a, b)
indicate statistically significant differences for each organ between the
experimental groups sampled.

CF

Muscle

be related to metabolic detoxification that occurs in fish. In more severe
cases, hyperemia may lead to hepatic necrosis and atrophy (Yancheva
et al., 2016). Vascular congestion can be caused by obstructions in the
blood vessels, promoting their dilation. Circulation velocity decreases
at the site of obstruction, promoting blood accumulation and lesions in
epithelial tissues (Verlag, 1982; Roberts, 1989). Epithelial cell damage
can affect the exchange between hepatocytes and sinusoid vessels (e.g.
the distribution of nutrients, chemical signals or other physiological
components) and thus compromise the stability of organic functions
(Yancheva et al., 2016).

Another alteration found in the livers of fish from the cage farm area
was the greater proportion of pancreatic tissue. Pancreatic tissue se-
cretes trypsin and exopeptidases to aid in protein digestion (Randall
et al., 2000; Baldisserotto, 2013). In addition, it aids in the digestion of
lipids by secreting lipase, an enzyme that, with the help of bile acids
secreted by the liver, cleaves fat molecules (Schmidt-Nielsen, 1999). In
this context, the greater proportion of pancreatic tissue found in spe-
cimens from the cage farm area can be explained by the high intake of
proteins and lipids associated with a diet with high proportions of
pelleted feed and Bivalvia.

The histopathological alterations observed in livers of fish from the
cage farm area may have affected hepatic function, with effects on the
metabolism of the animal. Thus, it can be inferred that impaired liver
function influenced specific metabolic responses in this tissue, resulting
in a higher concentration of proteins in comparison with levels in
specimens collected in the control area as a result of diet modification,
which ultimately caused histopathological changes in these specimens.
Several studies have reported that changes in diet alter the hepatic
protein content and may result in histopathological changes, such as
studies on Oreochromis (Chen et al., 2009; Honorato et al., 2014; Ning
et al., 2017), a species belonging to the same family as G. cf. proximus.

In addition to the reported changes in hepatic protein concentra-
tion, the concentration of gonadal proteins was lower in fish from the
cage farm area than in the specimens from the control area. There is a
possibility of hepatic dysregulation affecting the deposition of proteins
in different organs in G. cf. proximus since it engages in split spawning
throughout the year (Branco et al., 2012). The gonads in fish from both
sampling areas should contain high levels of proteins due to the pro-
duction of vitellogenin. During vitellogenesis, the liver mobilizes pro-
teins and lipids from hepatic tissue that are used in the production of
vitellogenin and that make up the contents of oocytes (Sumpter et al.,
1984; Babin and Vernier, 1989; Tyler et al., 1990; Tiwary et al., 2002).
In view of this, the hepatic steatosis and histopathological changes
observed in the livers of G. cf. proximus in this study could be re-
sponsible for the differences found in the concentration of proteins in
the livers and gonads of the individuals in the cage farm area.

Once liver functions are impaired, the liver tissue would not be able
to properly mobilize the proteins needed by the gonads. However, the
analyses conducted in this study, using a single sampling, are not
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enough to affirm this possible interference with vitellogenesis. Studies
have reported effects on the reproduction of wild species due to the
introduction of manure into the environment resulting from fish farms
in marine cage farms (Uglem et al., 2014). Nevertheless, these authors
failed to explain the mechanisms underlying these effects.

Despite being considered a very plastic tissue (Bombardier et al.,
2010) and responsive to dietary changes and environmental influences
(Bureau et al., 2000), muscle tissue did not demonstrate differences
between the specimens collected in the control and cage farm areas in
this study, in contrast to the changes seen in hepatic and gonadal tis-
sues.

Considering the results presented here, questions about the influ-
ence of fish farm on the residence time of G. cf. proximus in the vicinity
of the cages or on their migration between the control and cage areas
can be raised. However, this species does not perform a reproductive
migration and has a limited ability to swim long distances because it
has fusiform body and wide fins that allow for high maneuverability but
limit swimming efficiency (Oliveira et al., 2010). Thus, they are able to
explore the various compartments of the river channel, from the bottom
to the surface, but have little ability to migrate through open water,
thus reducing the possibility of migrating for 10 km between the control
and cage farm areas. In this sense, the results presented confirm an
influence of this rearing system on the feeding of this species.

There are also papers that discuss the biofiltering role of wild fish
associated with cage farms that reduces the impact of organic matter
input (Felsing et al., 2005; Fernandez-Jover et al., 2008). In terms of the
removal of the organic matter by fishes, this biofiltering role is ad-
vantageous for the environment. However, taking into account the
changes affecting the liver and gonads of the species studied here, it can
be inferred that in the long term, trophic relationships in the whole
community can be affected, thus causing an imbalance in this eco-
system.

5. Conclusions

In summary, the presence of a cage fish farm caused changes in the
diet composition of the wild species G. cf. proximus, which exhibited a
high consumption of pelleted feed. The diet contained high lipid and
protein concentrations did not alter the relative condition factors of the
specimens. However, it promoted severe histopathological alterations
in the liver, impairing hepatic functions, including possibly interfering
with gonadal metabolism. Once G. cf. proximus presents a high eco-
nomic value and is used by the fishermen for commercial purposes,
information about impacts on its biology, along with possible inter-
ference in its long-term population dynamics, will be of extreme im-
portance.
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