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Abstract We investigated environmental impacts on rain-
bow trout (Oncorhynchus mykiss) reared at fish farms with
either extensive technology, in a flow-through system
(FTS, n = 3), or intensive technology, in a recirculating
aquaculture system (RAS, n = 3). All fish were fed the
same rations. Fishwere caught in spring and autumn (body
mass, 501–750 g) from these six farms. We performed
macroscopic (intact fish) and microscopic (gills stained
with haematoxylin/eosin) examinations. Lesions were
categorised based on the type and location of structural
abnormalities. The histopathological index (HAI) was cal-
culated, and each lesion was scored. Fish reared in FTS or
RAS were compared for the prevalence of morphological
lesions. Gill epithelial hypertrophy and hyperplasia com-
prised 73% (RAS) to 79% (FTS) of all morphological
abnormalities. In spring and autumn, lesions comprised,
respectively, 11 and 18% (FTS) and 16 and 10% (RAS)
mucous and chloride cell abnormalities and 8 and 4%
(FTS) and 10 and 3% (RAS) blood vessel abnormalities.
Diffuse, irreversible gill lesionswere observed sporadically
in all fish. Gill epithelium received the most exposure to
environmental pathogens. HAIs indicated that normal gill

architecture and minor lesions predominated in all fish.
However, among trout caught in spring, moderate and
extensive changes in gills occurred more commonly with
RAS (34%) than with FTS (17%). Trout caught in autumn
displayed no great differences. These results indicated that
FTS prepared fish better than RAS for wintering. More-
over, we showed that gills were an excellent biomarker for
analysing the impact of extensive and intensive production
environments on rainbow trout.
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Introduction

When applied in morphological investigations, biomarkers
are sensitive tools for the early detection of environmental
changes (De la Torre et al. 2005; Heier et al. 2009;
Marcovecchio 2004; Rayment and Barry 2000). Bio-
markers demonstrate correlations between environmental
factors and their outcomes, and they provide insight into
both the status of an ecosystem and the status of a given
organism (Flores-Lopes and Thomaz 2011; Fontainhas-
Fernandes et al. 2008; Gernhofer et al. 2001; Maria et al.
2009; Sorour and Harbey 2012; Strzyżewska et al. 2015;
Velcheva 2002; Yancheva et al. 2015). Fish gills comprise
one of these biomarkers: the gill is a metabolically active
tissue involved in gaseous exchange, and it accumulates a
significant proportion of toxins (Abrahamson et al.
2008; Andres et al. 2000; Benli and Ozkul 2008; Evans
et al. 2005; Marcovecchio 2004; Poleksic and Mitrovic-
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Tutundzic 1994; Strzyżewska et al. 2016; Thophon et al.
2003). Morphological lesions in the gills are easier to
detect than functional abnormalities (Fanta et al. 2003;
Fernandes et al. 2007; Velasco-Santamarίa and Cruz-
Casallas 2008), because they may become visible long
before behavioural changes in fish can be detected
(Yancheva et al. 2015; Heier et al. 2009). Furthermore,
the gills serve as early warning signs on the health
status of fish (Sorour 2001). It is believed that the
degree of morphological lesions in the gills can de-
limit the degree of environmental pollution (Camargo
and Martinez 2007; Flores-Lopes and Thomaz 2011;
Haaparanta et al. 1997; Ogundiran et al. 2009;
Thophon et al. 2003). Indeed, the concentration of
toxic factors in this organ is identical to the level of
xenobiotics found in the water that the fish inhabit. In
contrast, toxin concentrations in the other organs (such
as the liver or kidneys) depict only the degree of
distribution of the toxic compounds (Andres et al.
2000; Kroglund et al. 2008; Manera et al. 2016).

Importantly, fish are exposed both to environmental
factors and to stress that results from manipulations,
bioengineering and hydrotechnical procedures that oc-
cur during their production cycle (Cruz-Casallas et al.
2011; Tello et al. 2010; Yancheva et al. 2015). Current
literature does not include any data from studies that
examined whether the gills may serve as a morpholog-
ical biomarker for evaluating fish production technolo-
gies. This study aimed to decrease this gap, because they
discuss the pathomorphological aspects of rainbow trout
gills that are modulated by common production sys-
tems, including the extensive flow-through system
(FTS) and the intensive recirculating aquaculture system
(RAS).

Materials and methods

This study was carried out over two seasons (autumn
and spring) and included six rainbow trout fish farms.
The farms were selected with the following criteria: they
had the same fish food rations and similar production
volumes, marked-ready weight, and regional locations.
Three of the farms operated with an extensive FTS, and
the other three operated with an intensive RAS. Fish of
501–850 g (n = 6/farm) were collected and immediately
sedated with 2-phenoxyethanol at a dose of 0.6–1.0 mL/
dm3. Fish were then weighed and examined macroscop-
ically. Specimens for microscopic investigations were

sampled within 1–2 min after the fish were sacrificed.
Specimens were acquired from the second gill arch
situated on the right side of the head (Movahedinia
et al. 2009). Tissue samples were immersed in fluids,
fixed in 7% buffered formalin for 24 h, and then
decalcified for 5–7 days in an EDTA solution (Flores-
Lopes and Thomaz 2011). The tissues were fixed (Leica
TP1020, Germany) and embedded to the long filament
axis in paraffin blocks, i.e. two blocks for each collected
fish (Leica EG1150H, Germany). The blocks were then
cut into 5-μm sections, with a rotational Leica RM
microtome (Germany). The preparations were stained
with haematoxylin and eosin in a Leica Autostainex XL
apparatus (Germany) (Bancroft and Gamble 2008). Two
pathologists carried out microscopic examinations of
500 secondary lamellae in each preparation. The mor-
phological lesions were photographed with an Eclipse
80i optical microscope, equipped with a Nikon PS-Fi1
digital camera and the NIS-Elements BR 2.30 program
(Nikon, Japan).

Microscopic examinations considered the type and
location of structural abnormalities. Lesions were
categorised into four groups (G1–G4; Table 1). The
categorised lesions were semi-quantitatively analysed,
based on the severity of tissue damage. The first-stage
lesions did not affect the normal functions of the tissue;
the second-stage lesions were more advanced and had
some impact on the functions of the tissue; the third-
stage lesions were severe and caused irreversible dam-
age to the organ. On the microscopic level, we imple-
mented the histopathological index (HAI, as modified
by Poleksic and Mitrovic-Tutundzic 1994). The HAI
was calculated for each fish with the formula
HAI = 1 × DI + 10 × DII + 100 × DIII, where DI, DII
and DIII corresponded to the number of lesions classi-
fied as stage 1–3 degrees of severity, respectively, ac-
cording to the score scale developed by Poleksic and
Mitrovic-Tutundzic (1994). Moreover, each lesion was
assigned a numerical scale from 0 to 6 to describe the
extent, where 0 = no lesions, 2 =minor lesions, 4 =mod-
erate lesions and 6 = extensive (diffuse) lesions (Bernet
et al. 1999).We performed an analysis with the Statistica
10 StatSoft package to determine the location and var-
iation measures for the variables examined for lesions in
the G1–G4 groups. We compared the prevalence of gill
lesions in trout reared with different production technol-
ogies (FTS and RAS), and statistical differences were
calculated with a Mann-Witney U test and Bonferroni’s
adjustment (StatSoft, Inc. 2013).
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Results

We found that the gross appearance of rainbow trout
was normal in most cases. Occasionally, some scale
defects were apparent, and these were slightly more
common in fish raised in a RAS than in those raised in
a FTS. Hyperaemia in the liver was observed in 5 fish
out of 72 and petechial was observed in 3 fish. These
disturbances were reposted more often in spring, in the
FTS group and in autumn in the RAS group.

The majority of rainbow trout had gills that displayed
a normal microscopic pattern. All morphological lesions
in this organ were detected microscopically, and they
were present in both the spring and autumn, in both the
FTS and RAS groups (Figs. 1 and 2).

G1-type microscopic lesions in the gills consti-
tuted 73–79% of all detected abnormalities (Fig. 2).
Gill epithelial lesions were most prevalent, follow-
ed by epithelial lifting of the lamellae and hyper-
plasia of lamellar epithelium (Fig. 3). Moreover,
rupture and peeling of the lamellar epithelium and
hyperplasia of gill filament epithelium were quite
common. Incomplete and complete fusion of sever-
al lamellae and rupture and peeling of the gill
filament epithelium were also reported (Fig. 4).

G2-type microscopic lesions, which involved mu-
cous and chloride cells, constituted 10 to 18% of all
observed morphological changes (Fig. 3). Hypertrophy
and hyperplasia of mucous and chloride cells were
observed more frequently in autumn than in spring in

Table 1 Classification of microscopic lesions in the gills of rain-
bow trout, according to Bernet et al. (1999), modified for this study

Groups of microscopic lesions and types of lesion Degree

G1: hypertrophy and hyperplasia of gill epithelia

1. Hyperplasia of the gill filament epithelium I

2. Hyperplasia of the lamellar epithelia I

3. Decrease in interlamellar space I

4. Epithelial lifting of gill filament epithelium I

5. Epithelial lifting of lamellae I

6. Intercellular oedema I

7. Incomplete fusion of several lamellae I

8. Complete fusion of several lamellae I

9. Complete fusion of all lamellae II

10. Rupture and peeling of gill filament epithelium II

11. Rupture of the lamellar epithelium II

G2: changes in mucous and chloride cells

1. Hypertrophy and hyperplasia of mucous cells I

2. Empty mucous cells or their disappearance I

3. Hypertrophy and hyperplasia of chloride cells I

G3: blood vessel changes

1. Lamellar telangiectasis I

2. Filament blood vessel enlargement I

3. Haemorrhages with an epithelium rupture II

4. Aneurysms II

G4: terminal stages

1. Fibrosis III

2. Necrosis III

Fig. 1 Morphological lesions in
the gills of rainbow trout caught
in spring. Micrographs show gill
sections from fish reared with a, b
extensive or c, d intensive
technologies. (a–d) Epithelial
lifting of varied severity
(asterisks). a Haemorrhages
(short arrows) and hypertrophy of
mucous cells (long arrows). b
Lamellar telangiectasis (arrows).
c Lamellar aneurysms (arrows). d
Filament hyperplasia with
lamellar fusion (arrows). Most
lamellae are intact on the left side.
H&E staining. Scale bars: 50 μm
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the FTS group, but they were more common in spring
than in autumn in the RAS group.

G3-type abnormalities, which involved blood vessel
changes, comprised 10% of all recorded microscopic
lesions (Fig. 2). Among the vascular lesions, 46% were
lamellar telangiectasia, 25% were aneurysms and 21%
were haemorrhages due to epithelial rupture. Filament
blood vessel enlargement was observed least frequently
(8%). Blood vessel wall lesions in trout gills were ob-
served more often in spring than in autumn in the FTS
group, but more often in autumn than in spring in the
RAS group.

G4-type lesions were rare; they constituted 0 to 7%
of all observed microscopic abnormalities. These le-
sions were more often found in the RAS group than in
the FTS group (Fig. 2).

The HAI values of fish were grouped into four
ranges, representing low (0–10) to high (51–100) dam-
age (Table 2). The fish caught in spring exhibited the
entire range of HAI values (HAIs, 0–100). However, the
fish caught in autumn exhibited only the two lowest
HAI ranges (HAIs, 0–20).

We also found that the FTS and RAS groups had
significantly different average scores for the following
descriptors: G1 DI, G2 DI and G3 DI (Table 3). The
distribution of extreme values was significant for both
the RAS and FTS technologies; that is, higher scores
were recorded in autumn than in spring for both inves-
tigated systems. The FTS population demonstrated the
highest individual variability. Furthermore, in autumn,
the FTS group displayed significantly higher scores than
the RAS group (Fig. 5).

Fig. 2 Morphological lesions in
the gills of rainbow trout caught
in autumn. Micrographs show
gills from fish reared with a, b
extensive and c, d intensive
technologies. a, b, d Epithelial
lifting of varied severity
(asterisks). a Lamellar aneurysms
(arrows). b Lamellar
telangiectasis (long arrows) and
haemorrhages (short arrows). c
Lamellar aneurysms (arrows). d
Filament hyperplasia with
lamellar fusion (long arrows),
lamellar telangiectasis
(arrowheads) and haemorrhages
(short arrows). H&E staining.
Scale bars: 50 μm

Fig. 3 Prevalence (x-axes) of morphological lesions found on the
gills of rainbow trout. Trout raised with the flow-through system
(FTS) (left). Trout raised with the recirculating aquaculture system

(RAS) (right). Shading indicates fish caught in the spring (light
grey) and autumn (dark grey)
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Discussion

Fish gills have a thin, extensive surface that directly
contacts the water, which makes this organ an entry
point for multiple environmental factors (Baskar 2014;
Haaparanta et al. 1997; Poleksic and Mitrovic-
Tutundzic 1994). In addition, the gills are the primary
sites for responding to unfavourable environmental
changes (Benli and Ozkul 2008). These features imply
that the gill epithelium receives the highest exposure to
environmental pathogens. Our results have demonstrat-
ed that, among the observed microscopic lesions, the

most common abnormalities involved epithelial cells, in
both technologies and in both seasons (spring and au-
tumn). Moreover, other researchers have described the
lifting of fish gill epithelial cells as an outcome of
exposure to metals (Nwani et al. 2010), organic pollut-
ants (Fanta et al. 2003) and acute exposure to insecti-
cides (Cengiz 2006). When these lesions, though non-
specific, are evaluated at specific time intervals, changes
in severity may indicate changes in the status of envi-
ronmental quality.

Considering the mechanisms of action of pathogens,
some authors have divided morphological changes into
two types: lesions that result from direct damage by
irritating factors and lesions that result from fish defence
mechanisms (Baskar 2014; Kasherwani et al. 2009;
Poleksic and Mitrovic-Tutundzic 1994). Based on find-
ings from Velasco-Santamarίa and Cruz-Casallas (2008),
it can be assumed that epithelial lifting, epithelial cell
hyperplasia and hypertrophy, and partial adhesions of
the gill lamellae are examples of fish defence mecha-
nisms. These lesions result in an increased distance be-
tween the environment and the blood, and thus, they
create an additional barrier for environmental factors
(Baskar 2014; Poleksic and Mitrovic-Tutundzic 1994).
Consequently, the epithelial surface available for diffusion
is increased, and contaminant absorption into the blood is
reduced. This defensive mechanism is triggered in fish in
response to toxins, irritants and factors that induce envi-
ronmental stress (Baskar 2014; Wendelaar Bonga 1997).

Fig. 4 Prevalence of different
types of epithelial hypertrophy
and hyperplasia in gills of
rainbow trout. Prevalence was
measured in all trout (n = 72)
raised in both the flow-through
system (FTS) and the
recirculating aquaculture system
(RAS) and caught in both the
spring and autumn periods

Table 2 The percentage of rainbow trout within the indicated
ranges of histopathological index values (HAIs, as modified by
Poleksic and Mitrovic-Tutundzic 1994). HAI ranges indicate dif-
ferent degrees of damage on gills. Fish were caught in spring and
autumn and reared in the flow-through system (FTS) or the
recirculating aquaculture system (RAS)

HAI value range Distribution of histopathological indexes (% fish)

FTS RAS

Spring Autumn Spring Autumn

0–10 72 50 22 33

11–20 11 50 44 67

21–50 6 0 28 0

51–100 11 0 6 0
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Chloride cell proliferation may be an adaptive pro-
cess that responds to changes in the ionic balance of the
environment (Mc Donald et al. 1991). Mucous cell
stimulation is also an adaptive mechanism, which in-
creases the amount of mucus secreted; an augmented

mucus layer provides more effective protection to epi-
thelial cells against environmental agents (Biagini et al.
2009; Paulino et al. 2014; Shephard 1994). In the pres-
ent study, these cellular lesions were observed slightly
more often in the FTS group than in the RAS group,

Table 3 The average intensity scores for all morphological le-
sions on the gills of rainbow trout. The average score values (range
0–6) indicate intensity of morphological lesions, as detailed by
Bernet et al. (1999). Lesions are grouped according to the micro-
scopic stages (G) and degrees (D) of damage (Poleksic and

Mitrovic-Tutundzic 1994). The analysis includes all 72 trout
reared with the extensive (FTS) and intensive (RAS) technologies
and caught in spring and autumn. Significance was based on the
Mann-Whitney U test and Bonferroni’s adjustment (StatSoft, Inc.
2013)

Extent of morphological lesions in gills

Group Degree FTS RAS Statistical significance

n Average score value SD n Average score value SD

G1 DI 235 2.63 1.26 207 2.83 1.18 *

DII 150 3.00 0.89 66 3.15 1.46

DIII – – – – – –

G2 DI 16 2.19 0.91 16 2.56 0.96 *

DII – – – – – –

DIII – – – – – –

G3 DI 9 2.00 0.71 3 2.67 1.53 *

DII 15 1.73 0.88 7 2.00 0.00

DIII – – – – – –

G4 DI – – – – – –

DII – – – – – –

DIII 2 4.00 0.00 6 3.00 1.79

G1 hypertrophy and hyperplasia of gill epithelia,G2 changes in mucous and chloride cells,G3 blood vessel changes,G4 terminal stages,DI
first degree lesions that do not disturb normal tissue functions, DII second degree lesions, which are more advanced and impact tissue
functions, DIII third degree lesions, which are severe and cause irreversible damage to tissues, n number of samples, SD standard deviation

*p ≤ 0.05

Fig. 5 Distribution of scores (the
point ranges from 0 to 6—Bernet
et al. 1999) show the extent of
damage observed in rainbow trout
microscopic lesions. Trout were
reared in the flow-through system
(FTS) or recirculating aquaculture
system (RAS), and they were
caught either in spring (left) or
autumn (right)
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throughout the year. Interestingly, these lesions were
recorded 44% more often in the FTS group than in the
RAS group in spring, but they were recorded 31% more
often in the RAS group than in the FTS group in
autumn. This demonstrated the variable impact that the
environment had on trout reared with these two different
production technologies.

Aneurysm formation is associated with pillar cell
ruptures. Ruptures result from increased blood flow
or from direct impact of contaminants on cells at a
particular site. In the first stage, marginal channels
become dilated, and the blood begins to congest in
the gill lamellae (telangiectasia); in the terminal
stage, aneurysms develop (Camargo and Martinez
2007; Paulino et al. 2014). Circulatory changes
may be reversible, but they are far more difficult to
reverse than epithelial changes (Poleksic and
Mitrovic-Tutundzic 1994). In the present study, vas-
cular lesions were found in a similar number of fish
in both groups (Fig. 3), but they were slightly more
common in the FTS group than in the RAS group in
spring, and conversely, they were more common in
the RAS group than in the FTS group in autumn.
The comparison of aneurysms indicated that they
were larger and more numerous per individual in
the RAS than in the FTS group (Fig. 2). The results
indicated that RAS trout had higher susceptibility to
aneurysm formation than the FTS trout. This finding
suggested that fish experienced worse environmental
conditions in the intensive production system. In
addition, our findings indicated that both rearing
technologies induced seasonal susceptibility to
aneurysms.

Severe lesions (GIII) that resulted in irreversible
damage to the gills were relatively uncommon. Never-
theless, they occurred five times more frequently with
the intensive technology (RAS) than with the extensive
system (FTS; Fig. 3). A similar, but less pronounced
finding was reported in another study, where single
hepatocyte necrosis was strongly correlated to RAS
technology than to FTS technology (Szarek et al. 2016).

We found that the HAI data was helpful for address-
ing the question of which technology created a more
favourable environment for rainbow trout production.
The HAI demonstrated that fish in the RAS group had
twice as many (34%) moderate and extensive lesions
than fish in the FTS group (17%). Importantly, this
difference was only observed in fish caught in spring.
The trout collected in the autumn did not display those

types of lesions. In the autumn, HAI values for the FTS
group indicated that organs functioned correctly, or only
had minor damage (50% function for each situation).
Similarly, the HAI scores for the RAS group indicated
mostly (67%) minor gill damage or correct organ func-
tion. These findings showed that the environment was
more favourable in summer than in winter; thus, trout
reared with the FTS were better prepared for wintering
than trout reared with the RAS.

It is important to keep in mind that lesions that affect
gill morphology may cause disturbances in basic phys-
iological processes, such as osmoregulation or antioxi-
dative defence mechanisms. These disturbances take
place much earlier in fish than changes in behaviour or
exterior appearance (Yancheva et al. 2015). The results
of this study and the multimodal analysis demonstrated
that gills can serve as an excellent biomarker for
analysing the impact of extensive and intensive produc-
tion technology environments on rainbow trout.

Acknowledgements This research received funding from the
Ministry of Science and Higher Education (Poland; grant number
15.610.005-300). The authors are indebted to Ms. Krystyna
Dublan, Msc. (Department of Pathophysiology, Forensic Veteri-
nary Medicine and Administration, University of Warmia and
Mazury in Olsztyn, Poland) and Mr. Aleksander Penkowski,
Msc. (Department of Animal Anatomy, University of Warmia
and Mazury in Olsztyn, Poland) for the excellent technical assis-
tance. The text was translated by Biuro Tłumaczeń OSCAR,
Olsztyn, Poland. Themanuscript was edited and proofread by Paul
Kretchmer, San Francisco Edit, USA.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits use, dupli-
cation, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made.

References

Abrahamson, A., Brandt, I., Brunström, B., Sundt, R. C., &
Jørgensen, E. H. (2008). Monitoring contaminants from oil
production at sea bymeasuring gill EROD activity in Atlantic
cod (Gadus morhua). Environmental Pollution, 152(1), 169–
175.

Andres, S., Ribeyre, F., Tourencq, J. N., & Boudou, A. (2000).
Interspecific comparison of cadmium and zinc contamination
in the organs of four fish species along a polymetallic pollu-
tion gradient (Lot River, France). Science of Total
Environment, 248(1), 11–25.

Environ Monit Assess (2017) 189: 611 Page 7 of 9 611



Bancroft, J. D., & Gamble, M. (2008). Theory and practice of
histological techniques. Philadelphia: Churchill Livingstone,
Elsevier.

Baskar, T. (2014). Impact of nitrite toxicity on histopathological
profile to freshwater fish, Cirrhinus Mrigala. The
International Journal of Engineering and Science, 3(4),
42–47.

Benli, A. C. K., & Ozkul, G. (2008). Sublethal ammonia exposure
of Nile tilapia (Oreochromis niloticus L.): effect on gill, liver
and kidney histology. Chemosphere, 72(9), 1355–1358.

Bernet, D., Schmidt, H., Meier, W., Burkhardt-Holm, P., & Wahli, T.
(1999). Histopathology in fish: proposal for a protocol to assess
aquatic pollution. Journal of Fish Diseases, 22(1), 25–34.

Biagini, F. R., David, J. A. O., & Fontanetti, C. S. (2009). The use
of histological, histochemical and ultramorphological tech-
niques to detect gill alterations in Oreochromis niloticus
reared in treated polluted waters. Micron, 40(8), 839–844.

Camargo, M. M. P., & Martinez, C. B. R. (2007). Histopathology
of gills, kidney and liver of a Neotropical fish caged in an
urban stream. Neotropical Ichthyology, 5(3), 327–336.

Cengiz, E. I. (2006). Gill and kidney histopathology in the fresh-
water fish Cyprinus carpio after acute exposure to deltameth-
rin. Environmental Toxicology and Pharmacology, 22(2),
200–204.

Cruz-Casallas, P. E., Mauricio Medina-Robles, V. M., & Velasco-
Santamarίa, Y. M. (2011). Fish farming of native species in
Colombia: current situation and perspectives. Aquaculture
Research, 42(6), 823–831.

De la Torre, C., Ferrari, L., & Saliban, A. (2005). Biomarkers of a
native fish species (Cnesterodon decemmaculatus), applica-
tion to the water toxicity assessment of a peri-urban polluted
river of Argentina. Chemosphere, 59(4), 577–583.

Evans, D. H., Piermarini, P. M., & Choe, K. P. (2005). The
multifunctional fish gill: dominant site of gas exchange,
osmoregulation, acid-base regulation, and excretion of ni-
trogenous waste. Physiological Reviews, 85(1), 97–177.

Fanta, E., Rios, F. S., Romao, S., Vianna, A. C. C., & Freiberger, S.
(2003). Histopathology of the fish Corydoras paleatus, con-
taminated with sublethal levels of organophosphorus in water
and food. Ecotoxicology and Environmental Safety, 54(2),
119–130.

Fernandes, C., Fontaίnhas-Fernandes, A., Monteiro, S. M., &
Salgado,M.A. (2007). Histopathological gill changes inwild
leaping grey mullet (Liza saliens) from the Esmoriz-Paramos
coastal lagoon, Portugal. Environmental Toxicology, 22(4),
443–448.

Flores-Lopes, F., & Thomaz, A. T. (2011). Histopathologic alter-
ations observed in fish gills as a tool in environmental mon-
itoring. Brazilian Journal of Biology, 71(1), 179–188.

Fontainhas-Fernandes, A., Luzio, A., Santos, S. G., Carrola, J., &
Monteiro, S. (2008). Gill histopathological alterations in Nile
tilapia, Oreochromis niloticus exposed to treated sewage
water. Brazilian Archives of Biology and Technology, 51(5),
1057–1063.

Gernhofer, M., Pawet, M., Schramm, M., Muller, E., &
Triebskorn, R. (2001). Ultrastructural biomarkers as tools to
characterize the health status of fish contaminated streams.
Journal of Aquatic Ecosystem, Stress and Recovery, 8(3),
241–260.

Haaparanta, A., Valtonen, E. T., & Hofmann, R. W. (1997). Gill
anomalies of perch and roach from four lakes differing in
water quality. Journal of Fish Biology, 50(3), 575–591.

Heier, L. S., Lien, I. B., Stromseng, A. E., Ljones, M., Rosseland,
B. O., Tollefsen, K. E., et al. (2009). Speciation of lead,
copper, zinc and antimony in water draining a shooting
range—time dependent metal accumulation and biomarker
responses in brown trout (Salmo trutta L.) Science of the
Total Environment, 407(13), 4047–4055.

Kasherwani, D., Lodhi, H. S., Tiwari, K. J., Shukla, S., & Sharma,
U. D. (2009). Cadmium toxicity to freshwater catfish,
Heteropneustes fossilis (Bloch). Asian Journal of
Experimental Sciences, 23(1), 149–156.

Kroglund, F., Rosseland, B. O., Teien, H. C., Salbu, B., Kristensen,
T., & Finstad, B. (2008). Water quality limits for Atlantic
salmon (Salmo salar L.) exposed to short term reductions in
pH and increased aluminum simulating episodes. Hydrology
and Earth System Sciences, 12(2), 491–507.

Manera, M., Dezfuli, B. S., DePasquale, J. A., & Giari, L. (2016).
Multivariate approach to gill pathology in European sea bass
after experimental exposure to cadmium and terbuthylazine.
Ecotoxicology and Environmental Safety, 129, 282–290.

Marcovecchio, J. E. (2004). The use ofMicropogonias furneri and
Mugil liza as bioindicators of heavy metals pollution in La
Plata river estuary, Argentina. Science of the Total
Environment, 323(1–3), 219–226.

Maria, V. L., Ahmad, I., Oliveira, M., Serafim, A., Bebianno, M.
J., Pacheco, M., et al. (2009). Wild juvenile Dicentrarchus
labrax L. Liver antioxidant and damage responses at Aveiro
Lagoon, Portugal. Ecotoxicology and Environmental Safety,
72(7), 1861–1870.

Mc Donald, D. G., Freda, J., Cavdek, V., Gonzales, R., & Zia, S.
(1991). Interspecific differences in gill morphology of fresh-
water fish in relation to tolerance of low-pH environment.
Physiological Zoology, 64(1), 124–144.

Movahedinia, A. A., Savari, A., Morovvati, H., Kochanian, P.,
Marammazi, J. G., & Nafisi, M. (2009). The effects of
changes in salinity on gill mitochondria-rich cells of juvenile
yellowfin seabream, Acanthoparagus latus. Journal of
Biological Sciences, 9(7), 710–720.

Nwani, C. D., Nwachi, D. A., Okogwu, O. I., Ude, E. F., & Odoh,
G. E. (2010). Heavy metals in fish species from lotic fresh-
water ecosystem at Afikpo, Nigeria. Journal of
Environmental Biology, 31(5), 595–601.

Ogundiran, M. A., Fawole, O. O., Adewoya, S. O., & Ayandiran,
T. A. (2009). Pathologic lesions in gills of Clarias gariepinus
exposed to sublethal concentrations of soap and detergent
effluents. Journal of Cell and Animal Biology, 3(5), 78–82.

Paulino, M. G., Benze, T. P., Sadauskas-Henrique, H., Sakuragui,
M. M., Fernandes, J. B., Fernandes, M. N. (2014). The
impact of organochlorines and metals on wild fish living in
a tropical hydroelectric reservoir: bioaccumulation and his-
topathological biomarkers. Science of the Total Environment,
497–498, 293–306.

Poleksic, V., & Mitrovic-Tutundzic, V. (1994). Fish gills as a
monitor. Science of the Total Environment of sublethal and
chronic effects of pollution. In R. Muller & R. Lloyd (Eds.),
Sublethal and chronic effects of pollution on freshwater fish
(pp. 339–352). Oxford: Fishing News Books Ltd.

611 Page 8 of 9 Environ Monit Assess (2017) 189: 611



Rayment, G. E., & Barry, G. A. (2000). Indicator tissues for heavy
metal monitoring-additional attributes. Marine Pollution
Bulletin, 41(7–12), 353–358.

Shephard, K. I. (1994). Functions for fish mucus. Reviews in Fish
Biology and Fisheries, 4(4), 401–429.

Sorour, J. (2001). Ultrastructural variations in Lethocerus
niloticus, (Insecta: Hemiptera) caused by pollution in Lake
Mariut , Alexandr ia , Egypt . Ecotoxicology and
Environmental Safety, 48(3), 268–274.

Sorour, J. M., & Harbey, D. A. (2012). Histological and ultrastruc-
tural changes in gills of Tilapia fish from Wadi Hanifah
stream, Riyadh, Saudi Arabia. Journal of American
Science, 8(2), 180–186.

StatSoft, Inc. (2013). Electronic statistics textbook. Tulsa, OK:
StatSoft. http://www.statsoft.com/textbook/.

Strzyżewska, E., Szarek, J., & Babińska, I. (2016).
Morphologic evaluation of the gills as a tool in the diag-
nostics of pathological conditions in fish and pollution in
the aquatic environment: a review. Veterinární Medicína,
61(3), 123–132.

Strzyżewska, E., Szarek, J., Babińska, I., Dublan, K., & Szynaka,
B. (2015). Melanomacrophage accumulation in the liver,
spleen and kidney of rainbow trout (Oncorhynchus mykiss
Walbaum, 1792) as a tool for the assessment of the environ-
mental influence on fish. Journal of Comparative Pathology,
152(1), 93.

Szarek, J., Strzyżewska-Worotyńska, E., Skibniewska, K., Terech-
Majewska, E., Wiśniewska, A., Naumowicz, et al. (2016).
Does intensive and extensive breeding technology of the
rainbow trout (Oncorhynchus mykiss, Walbaum 1792) has
influence on the morphological lesions in the liver of this
fish? Polish Journal of Pathology, 67(1), 70–71.

Tello, A., Corner, R. A., & Telfer, T. C. (2010). How do land-based
salmonid farms affect stream ecology. Environmental
Pollution, 158(5), 1147–1158.

Thophon, S., Kruatrachue, M., Upathan, E. S. P., Pokethitiyook,
S., Sahaphong, S., & Jarikhuan, S. (2003). Histopathological
and biochemical changes in the gills of Tilapia (Oreochromis
mosambicus) to ambient cadmium exposure. Aquatic
Toxicology, 48(4), 517–527.

Velasco-Santamarίa, Y. M., & Cruz-Casallas, P. E. (2008).
Behavioural and gill histopathological effects of acute exposure
to sodium chloride in moneda (Metynnis orinocensis).
Environmental Toxicology and Pharmacology, 25(3), 365–372.

Velcheva, I. (2002). Content and transfer of cadmium (Cd) in the
organism of fresh-water fishes. Acta Zoologica Bulgarica,
54(3), 109–114.

Wendelaar Bonga, S. E. (1997). The stress response in fish.
Physiological Reviews, 77(3), 591–625.

Yancheva, V., Velcheva, I., Stoyanova, S., &Georgieva, E. (2015).
Fish in ecotoxicological studies. Ecologica Balkanica, 7(1),
149–169.

Environ Monit Assess (2017) 189: 611 Page 9 of 9 611

http://www.statsoft.com/textbook/

	Gills...
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References


