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• Aquatic biota is chronically exposed to
polluted water.

• Water quality affects the reproductive
biology of Cnesterodon decemmaculatus.

• Male copulatory organ is a good indica-
tor of environmental degradation.
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The Suquía River basin (Córdoba, Argentina) is under a strong negative impact due to multiple sources of an-
thropic pollution. The main goal of our study was to evaluate if variations in the water quality of Suquía river
basin affect the reproductive biology of Cnesterodon decemmaculatus and determine if the responses provided
by the species can be considered as biomarkers of river quality. This assessmentwas performed through themea-
surement of morphological, histological and somatic parameters in adult males collected at four sampling sites
during the beginning and the end of the breeding season. The water quality evaluation carried out through the
estimation of a water quality index (WQI) and pesticides concentrations in water, revealed a pollution gradient
along the studied basin. The same variation patternwas registered for the somatic index. In addition, the analysis
of themorphology of themale copulatory organ (gonopodium) showed that individuals collected at Córdoba city
had the lowest Gonopodium-Somatic Index (Gonop-SI) value, while those sampled at the most polluted site
showed abnormalities in the small structures of the gonopodium. On the other hand, few histological alterations
were found in the liverwhereas no alterationswere found in gonads along the river. The results obtained allowed
us to characterize the environmental conditions of the studied basin and demonstrated the water quality deteri-
oration along the Suquía River.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decades, anthropogenic activities have greatly altered
freshwater ecosystems around the world. Particularly, in South Amer-
ica, the Pampean region (an extensive area of 750,000 km2 that includes
territories of three countries: Argentina, Uruguay and Brasil), is severely
affected by the high demographic and agricultural production in this
area. The environmental modifications become the Pampean basins
into highly altered water bodies (Rodrigues Capítulo et al., 2010). In
Córdoba (Argentina) the Suquía River basin, the central landscape ele-
ment of the province, receives a complexmixture of pollutants fromdif-
ferent sources, including agricultural and industrial effluents, urban
runoff and effluents from the sewage treatment plant of Córdoba City
(Wunderlin et al., 2001; Nimptsch et al., 2005; Contardo-Jara et al.,
2009).

The pollution gradient of the Suquía River has been characterized
using physicochemical parameters, integrated in a water quality
index proposed by Pesce and Wunderlin (2000). Also, it has been
evaluated through different approaches involving the measurement
of diverse chemical compounds as well as through the status of res-
ident biota (Hued and Bistoni, 2005; Monferrán et al., 2011;
Maggioni et al., 2012; Bonansea et al., 2013). In particular, fish indi-
viduals have been considered as useful tools in environmental
water quality assessment. Their major advantages are that they inte-
grate the direct and indirect effects of stress from altered aquatic
ecosystems, and therefore, they manifest the ecological significance
of the perturbation (Fausch et al., 1990).

In recent decades, it has been indicated that a wide range of man-
made chemicals used for several industrial and household activities dis-
turb the endocrine system of living organisms. These are known as en-
docrine disruptors (EDs) (Arukwe and Goksøyr, 1998). This diverse
group of compounds includes pesticides, plastics, detergents, industrial
chemicals and heavy metals. In this regard, numerous studies have
shown that sewage discharges from the wastewater treatment plants
could contain estrogenic compounds in concentrations sufficient to af-
fect the normal development of the gonads (Tyler et al., 1998; Jobling
and Tyler, 2003) and secondary sexual characteristics (Batty and Lim,
1999; Doyle and Lim, 2002).

Since the viviparous poeciliid fish exhibit a hormone-dependent sex-
ual dimorphism they become valuable indicators of the exposure to EDs
(Bortone and Davis, 1994). In particular, the ten-spotted live-bearing
fish Cnesterodon decemmaculatus (Teleostei, Cyprinidontiformes), a
small size native fish whose distribution pattern corresponds entirely to
the full extension of the Pampean region (Lucinda, 2005) could be consid-
ered as a valuable indicator. The anal fin of male of C. decemmaculatus,
differentiates into a complex structure called gonopodium, an
intromitent organ uses for sperm transfer during copulation. This
structure originates from the elongation and modification of anal
fin rays 3, 4, and 5. Its development occurs in response to testicular
androgenic hormones at the time of sexual maturation
(Rosa-Molinar et al., 1994; Angus et al., 2001). On the other hand,
it has been also verified that females of these species can develop
gonopodium-like structures under the influence of androgenic hor-
mones (Rosa-Molinar et al., 1994). Therefore, both females and
males fish could be affected by the exposure to EDs. These effects
have also been demonstrated through histological analysis of repro-
ductive organs (Angus et al., 2001; Wolf et al., 2004; Leusch et al.,
2006).

Given the current mentioned situation of environmental
degradation along the Suquía River basin, the main goal of the present
study was to determine whether water quality alterations could affect
different aspects of reproductive biology of the C. decemmaculatus.
We also determined if the responses provided by this species could
be considered as biomarkers of Suquía River quality and for other
aquatic resources of an extensive South American area, where C.
decemmaculatus inhabits.
2. Materials and methods

2.1. Study area

The Suquía River is a medium-sized hydrological system located in
central region of Argentina. The total drainage basin occupies 7700
km2, were 900 km2 correspond to its active drainage area in the
Córdoba Province mountain range. The San Antonio and Cosquín rivers
are their main upper tributaries, and they end at San Roque Dam. From
this dam, the Suquía River starts andflows inwestern-eastern direction.
About 35 km downstream, from the lake, the Suquía River crosses
Córdoba city, a big city with a population of ca.1.5 million inhabitants
(INDEC, 2010). On the eastern limit of the city, the Suquía River receives
the city sewage discharge generated from the municipal wastewater
treatment plant, and then continues downstream Córdoba city flowing
across the pampean plane region and finally ends into the Mar Chiquita
hypersaline lake, at about 150 km downstream Córdoba city (Pasquini
et al., 2012). The basin flows on a semiarid region characterized by a
wet season from December to April that presents an average rainfall of
110 mm and a dry season from May to November with a mean rainfall
of 10 mm. The mean annual historical discharged of Suquía River is 9
m3 s−1 (Pasquini et al., 2012). The flow regime of the rivers makes up
the Suquía drainage network exclusively of pluvial origin, with a
marked flow seasonality (Pasquini et al., 2012).

Based on previous studies that clearly demonstrated an environ-
mental quality gradient along the Suquía River basin (Merlo et al.,
2011; Monferrán et al., 2011; Rautenberg et al., 2015) four sampling
sites were selected (Fig. 1): (1) Puente Zuviria (PZ) on Yuspe River.
This site is located 70 km upstream from Córdoba City (31° 14′S; 64°
31′O) and it is representative of quasi-pristine conditions (Hued and
Bistoni, 2005); (2) Casa Bamba (CB) on Suquía River, 5 km downstream
San Roque Dam (31° 20′S; 64° 24′O); (3) Puente Cantón (PC) located at
Córdoba city downtown (31° 23′S; 64° 12′O); and (4) Villa Corazón de
María (VCM) on Suquía River, located 14 km and 5 km downstream
from Córdoba City and Municipal Waste Water Treatment Plant
(EDAR), respectively (31° 27′S; 63° 59′O). This river section is charac-
terized by highly contaminated waters (Pesce and Wunderlin, 2000;
Hued et al., 2013).

2.2. Water quality assessment

Each study siteswas sampled at two different times in order to cover
the C. decemmaculatus breeding season: once during the beginning and
the other at the end of the breeding season (November 2014 and April
2015, respectively). Since 4 sites were sampled along the basin, a total
of 8 water samples were taken. In order to characterize the water qual-
ity conditions of each site the following physico-chemical parameters
weremeasured: total and faecal coliforms (MPN·100 mL−1:most prob-
able number per 100 mL), 5-day biological oxygen demand (5-DBO;
mg·L−1), hardness (mg·L−1), dissolved oxygen (mg·L−1), total and
dissolved solids (mg·L−1), calcium (mg·L−1), magnesium (mg·L−1),
sulfates (mg·L−1), chlorides (mg·L−1), total phosphorus (mg·L−1)
and ammonia (mg·L−1). Analytical methodswere performed following
APHA (1998) recommendations. From these variables, the Water Qual-
ity Index (WQI) proposed for the Suquía River basin by Pesce and
Wunderlin (2000) was calculated. Its estimation involves a normaliza-
tion step, where each parameter is transformed into a 0–100% scale,
where 100% represents the highestwater quality. After that, it is applied
weighting factors that reflect the importance of each parameter as an
indicator of the water quality. The constructed WQI gives a number
that can be associated with a quality percentage. The calculation was
as follows: WQI = Ʃ (Ci · Pi) |Ʃ Pi where Ci is the value assigned to
each parameter after normalization, Pi value range from 1 to 4, with 4
representing a parameter that has the greatest relevance for aquatic
life preservation (e.g. dissolved oxygen), while a value of 1 means that
a parameter has a smaller impact on biota (e.g. chloride).



Fig. 1. Study area on the Suquía River basin and location of sampling sites.
From: Merlo et al. (2011).

12 M.J. Zambrano et al. / Science of the Total Environment 645 (2018) 10–21
Water samples were also taken to measure the following
pesticide concentrations: 4,4′ DDD, 4,4′ DDE, 4,4′ DDT, aldrin,
dieldrin, endrin, endrin aldehyde, alfa clordane, g chlordane,
alfa hexachlorocyclohexane, d hexachlorocyclohexane, g- hexachloro-
cyclohexane, chlorbenzilate, chloroneb, chlorothalonil, chlorpyrifos,
DCPA (dimethyl tetrachloroterephthalate), cis permethrin,
trans permethrin, alpha endosulfán, beta endosulfán, endosulfan
sulfate, HCB (hexachlorobenzene), heptachlor, heptachlor epoxide,
methoxychlor, propachlor, trifluralin. The limits of detections
(LODs) for measured pesticides ranged from 0,2 to 0,5 ng·L−1 and
the limits of quantifications (LOQs) ranged from 0,6 to 1,1 ng·L−1.
Since Valdés et al. (2014) measured 17β estradiol, estrone, andro-
stenedione, testosterone, methyltestosterone and dihydrotestoster-
one in waters of Suquía River at the same sampling sites than the
present work, and all of them were below the limit of detection we
decided not to measured estrogens and androgens.

2.3. Fish collection

Adult males of C. decemmaculatus were caught using hand fishing
nets with a 2 mm mesh at each sampling site and at the same time as
the water samples were taken. Fish were transported alive to the labo-
ratory and killed by anoverdose of tricainemethanolsulfonate (MS-222,
Sigma-Aldrich). The standard length (SL, mm) and weight (WT, g) were
taken from each individual in order to estimate the Fulton Condition
Factor (K= [WT / SL3] × 100,000) (Ricker, 1975).

Each fish was dissected and liver and gonads were removed and
weighted. The Hepatosomatic Index (HSI = [WL / WTM] × 100%)
(where WL is the weight of liver) and the Gonadosomatic Index
Fig. 2. (A) Adult male of C. decemmaculatus. SL: standard length; GL: gonopodial length. B - Go
rays, GFL: length of the gonopodial filament.
(GSI = [WG / WT] × 100%) (where WG is the weight of gonads)
were determined (Strange, 1996).

2.4. Morphological analysis of the gonopodium

The gonopodium of each male was examined under a stereoscopic
microscope and photographed. To measure the gonopodium length
(GL) each photographs was analyzed through the Image J software v.
1.49 (Rasband, 2012). A Gonopodium Somatic Index (Gonop-SI = [GL
× 100] / SL) was calculated to estimate the gonopodium relative length
to the standard length (Hued et al., 2013); the length of gonopodial fil-
ament (GFL) located at distal tip of the gonopodiumwas also measured
(Fig. 2).

Clearing and staining procedures were carried out in order to ob-
serve the internal bone structure of each gonopodium following
Rawson et al. (2006), but modified in the present study for C.
decemmaculatus. Briefly, fish were preserved in 10% formalin and
soaked into water for 2 h to rehydrate the tissue. The skin and internal
organs were removed, and the fins and skeletal system were left intact.
Then, each specimen was placed in 1% potassium hydroxide (KOH) so-
lution to remove the soft tissue from the skeleton. After 24 h, KOH solu-
tion was replaced with 1% Alizarin red S for 6 h until bones were
distinctly red. Finally, the skeleton were preserved in glycerol and ex-
amined with the stereomicroscope and photographed in order to mea-
sure the length of the fourth and sixth rays of the anal fin. Changes in the
relationship between their lengths indicate alterations of the
gonopodium structure, due to its development occurs with the com-
plete elongation of the anal fin rays 3, 4, and 5. Therefore, it was esti-
mated the ratio of the lengths of rays 4 and 6 (4:6 length ratio) to
nopodium of C. decemmaculatus adult male. Arrows indicate the third, fourth and sixth fin



Table 1
Importance factor (W) assigned to liver histological alterations for each reaction pattern according to Bernet et al. (1999).

Reaction pattern Histological alteration liver W

1. Circulatory disturbances
Results from a pathological condition of blood and tissue fluid flow.

Haemorrhage 1
Sinusoid dilation 1
Blood congestion 1

2. Regressive changes
Processes which terminate in a functional reduction or loss of an organ.

Hydropic degeneration 1
Lipid degeneration 2
Hepatocyte picnosis 2
Fibrosis 3
Necrosis 3

3. Progressive changes
Processes which lead to an increased activity of cells or tissue.

Hepatocyte hyperplasia 2
Hepatocyte hypertrophy 2

4. Inflammation
Inflammatory changes are often associated with processes belonging to other reaction pattern.

Leukocyte infiltration 2
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provide an index of elongation of gonopodium development (Fig. 2)
(Doyle and Lim, 2002). The ratio of the thickness of ray 3 to that of ray
4 (3:4 thickness ratio) was also calculated to give a measure of the de-
gree of gonopodium thickening (Fig. 2). While Doyle and Lim (2002)
measured the thickness of the gonopodium at the sixth segment, we de-
cided tomeasure it at the third segment due to its ease to be observed in
the stereoscopic microscope. The presence or absence of hooks on the
distal portion of ray 4were also registered and counted on each individ-
ual (Fig. 2). These hooks act as holdfast devices during copulation, and
their presence on the gonopodial tip indicates that gonopodium has
fully developed (Turner, 1947).

2.5. Histological analysis

Liver and gonads were processed through routine histological tech-
niques (Humason, 1972). Briefly, each tissue was dehydrated through
an ethanol graded series, cleared in xylene and embedded in paraffin.
Then, they were fully sectioned with a microtome at 4–6 μm, mounted
in microscope slides and stained with hematoxylin and eosin (H&E).
Each slide was examined with a light microscope (Olimpus Cx-31)
and photographed with a digital camera (Moticam®).

In order to estimate the number and extension of a histopathological
alteration, each liver slide was divided into 5 equal areas and analyzed
at 40× power magnification. For gonads histological analysis, the cysts
were identified at different stages of development and the percentage
of primary stages cysts (which includes spermatogonia and spermato-
cytes) and secondary stages cyst (which includes spermatids and sper-
matozoa) were estimated. The histological alterations in testes were
also recorded.

We applied a standardized assessment tool proposed by Bernet et al.
(1999) and adapted by our research group in a previous work
(Rautenberg et al., 2015) in order to evaluate the histological condition
of each organ. This methodology consists in the calculation of a set of
Table 2
Score value (a) which reflects the degree and extent of the each liver alteration according to B

Reaction pattern Histological alterations Score value

0

Circulatory disturbances Haemorrhage 0–1%
Hepatocyte picnosis
Fibrosis
Necrosis

Regressive changes Lipid degeneration 0–5%
Inflammation Sinusoid dilation 0–5%

Blood congestion
Hydropic degeneration

0: unchanged, 2: low occurrence, 4: mild occurrence, 6: moderate occurrence, 8: severe occurr
semiquantitave histopathological indices based on two main concepts:
an importance factor (w) that indicates the importance of a lesion ac-
cording to its pathological relevance and how it affects the organ func-
tion and the ability of fish to survive; and a score value (a), which
represents the degree and extent of an alteration. Furthermore, each
histological lesion was classified into one of four reaction patterns: cir-
culatory disturbances, inflammation, regressive changes, and progres-
sive changes. Table 1 lists the reaction patterns and their specific
alteration for liver.

An importance factor was assigned to each alteration if the impor-
tance isminimal (w= 1, the lesion is easily reversible as exposure to ir-
ritants ends), moderate (w= 2, the lesion is reversible in most cases if
the stressor is neutralized), or severe (w= 3, the lesion is generally ir-
reversible, leading to the partial or total loss of the organ function). Ac-
cording to the degree and extension of each alteration, the liver areas
analyzedwere assessed using a score that ranges from0 to 8. The higher
the score, the greater the area of damaged tissue (Table 2). After that, an
index for a particular alteration was obtained from themultiplication of
the score and the importance factor. The index for each reaction pattern
was calculated by the sum of each alteration within a reaction pattern
(HIOrg.Rp) and the sum of all the HIOrg.Rp gives an overall organ index
(HILiv = liver histopathological index). The higher the index value, the
greater the alteration of the liver.

2.6. Statistical analysis

In order to determine if the following dependent variables: WQI, K,
HSI, GSI, Gonop-SI, GFL, 4:6 length ratio, 3:4 thickness ratio, hooks,
HILIV, percentage of primary stages cysts and percentage of secondary
stages cysts, differed significantly among sampling sites it was applied
ANOVA test followed by a Tukey's multiple comparison test. Previously,
the assumptions of normality and homogeneity of variancewere testing
using the Shapiro-Wilks test and Leven's test, respectively. When a
ernet et al. (1999) and adapted by Rautenberg et al. (2015).

2 4 6 8

1,1–10% 10,1–20% 20,1–30% N30%

5,1–15% 15,1–25% 25,1–50% N50%
5,1–25% 25,1–50% 50,1–75% N75%

ence.
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variable did not meet these assumptions, a Kruskal-Wallis test (Sokal
and Rohlf, 1995) was performed followed by Dunn's multiple compari-
son test. Significance was determined at alpha= 0.05. All the analyses
were performed using Infostat Software Package (Infostat, 2013).

3. Results and discussion

The negative impact of thewater quality degradation affected the re-
productive aspects of a native species fish of Suquía River Basin,
Cnesterodon decemmaculatus. Changes in histological, morphological
and somatic characteristics of the individuals along the environmental
quality gradient determined the environmental and biological rele-
vance of our work. Our results allowed us to provide tools that could
be used as biomarkers in environmental assessments.

3.1. Water quality assessment

3.1.1. Water quality index
Thewater quality index (WQI) quantifies the general state of aquatic

systems over a period of time and space through the measurement and
subsequent mathematical transformation of physico-chemical and bac-
teriological parameters (Table 3). It summarized all this information in a
dimensionless number through a percentage of water quality. The low-
est values indicate the worst condition of an aquatic system (Pesce and
Wunderlin, 2000).
Table 3
Physico-chemical (mg·L−1), bacteriological (UFC·100mL−1) parameters, water quality index

Parameter Sampling sites

Puente Zuviría Casa Bamba

BBS EBS BBS

Dissolved oxygen – 9,90 –
N-nitrites 3,61E−04 bLOQ 3,61E−04
N-nitrates 0,16 0,47 0,90
N-ammonia 0,00 0,12 0,04
Sulfates 0,00 10,48 3,58
Total phosphorus 0 – 0
Total solids 119,50 58,00 181,50
Dissolved solids 88,83 48,00 91,20
Hardness 69,42 46,36 125,53
Calcium 21,73 31,72 36,21
Magnesium 3,70 3,56 8,55
Chlorides 4,88 9,90 8,79
Total colifoms 240 15,00 38,00
Faecal coliforms – 15,00 –
5-DBO 1500 0,7 3,80
WQI 97,6 92,5 92,4
Pesticides

Aldrin bLOD bLOD bLOD
Dieldrin bLOD bLOD 1,84 ± 1,45
Endrin aldehyde bLOD bLOD bLOD
alfa Clordane bLOD bLOD bLOD
alfa Hexachlorocyclohexane bLOQ bLOQ bLOD
d Hexachlorocyclohexane bLOQ bLOQ bLOQ
g Hexachlorocyclohexane bLOD bLOQ bLOD

Chlorbenzilate bLOD bLOD bLOQ
Chlorothalonil bLOD bLOD bLOD
Chlorpyrifos bLOD 2,98 ± 2,66 bLOD
cis Permethrin bLOD bLDO bLOD
trans Permethrin bLOD bLOD bLOD
HCB-Hexachlorobenzene bLOD bLOD bLOQ
Heptachlor bLOQ bLOQ bLOD
Heptachlor epoxide bLOD bLOD bLOD
Propachlor bLOD bLOD bLOD
Trifluralin bLOD bLOD bLOD

BBS: beginning of the breeding season, EBS: end of the breeding season, 5-DBO: 5-day biological
0,5 ng·L−1; LOD: lower than detection limit, for the pesticides ranged from 0,6 to 1,1 ng·L−1. As
according to Canadian Water Quality Guidelines (CCME, 2017) or according to Argentinean
Ambiente) (SRHN, 2017).
In the present study the WQI varied significantly between sample
sites (ANOVA, d.f. = 3, F = 16.67; p = 0.01) (Table 3). Upstream
Cordoba city (PZ and CB) the mean WQI values were high (95.05 and
90.79%, respectively), indicating almost pristine water conditions,
whereas the area located downstream Córdoba City and the Waste
Water Treatment Plant (VCM) presented the lowest mean WQI value
(52.86%). Since Hued et al. (2010) has indicated that index values
close to 50% are hardly compatible with aquatic life, the value obtained
in VCM showed the severe environmental degradation at this river sec-
tion. On the other hand the sampling site located in the center of the city
(PC) was characterized as moderately polluted (72.27%). Although we
did not carry out fish surveys in order to know the population status,
it should be noted that fish captures in VCM involved a great sampling
effort that only allowed capturing a low number of fish individuals.
This observation agrees with that registered in previous studies which
indicate that the total abundance of fish species decreases in highly pol-
luted sites (Maggioni et al., 2012; Hued et al., 2013). On the other hand,
at PC, no specimens of the C. decemmaculatuswere collected at the end
of the breeding season. At the same time, several fish species were
caught so the absence of C. decemmaculatuswasnot due towater quality
itself. However the reasons for the species absence remain unknown.

Cordoba City has a negative impact on water quality of Suquía River
due to the constant population growth and the related anthropogenic
activities causing a high degree of pollution. The highwater quality deg-
radation registered in VCM is mainly due to the presence of the waste-
water-treatment plant, EDAR. This plant performs inadequate effluent
(%) and pesticides (ng·L−1) measured in water samples collected along Suquía River.

Puente Cantón V. Corazón María

EBS BBS BS BBS EBS

8,90 – – – 6,50
bLOQ 1,05E−03 – 0,03 0,14
0,98 1,40 – 1,34 3,85
0,14 2,41 – 18,05 1,02
13,62 23,65 – 55,41 64,89
– 0,68 – 1,30 –
146,00 271,5 – 574,00 482,00
69,00 253,00 – 458,89 338,00
73,20 120,78 – 201,61 236,68
61,00 36,59 – 65,94 168,36
2,97 7,16 – 9,01 16,62
11,89 20,50 – 166,94 55,47
245,00 3800,00 – 2,45E+06 1,30E+06
175,00 – – – bLOQ
1,6 – – – 8,2
89,17 72,27 – 58,63 47,08

bLOD bLOD – bLOQ bLOD
bLOQ bLOQ – 0,86 ± 0,50 bLOQ
bLOD bLOD – 0,90 ± 0,50 bLOD
bLOQ bLOD – bLOD bLOD
bLOQ bLOD – bLOD bLOD
bLOQ bLOQ – bLOQ bLOQ
bLOQ bLOD – bLOD bLOQ
bLOD bLOD – bLOD bLOD
bLOD bLOD – bLOQ bLOQ
3,13 ± 2,83 bLOD – bLOD bLOD
18,95 ± 13,47⁎ bLOD – 8,27 ± 1,72⁎ 3,70 ± 1,05⁎

18,53 ± 5,02⁎ 8,54 ± 9,29⁎ – 23,14 ± 2,69⁎ 19,07 ± 5,35⁎

3,20 ± 2,55 bLOQ – 3,54 ± 2,79 bLOQ
bLOQ bLOQ – bLOQ bLOQ
bLOD bLOD – bLOD bLOQ
bLOD 9,71 ± 10,63 – bLOD bLOD
134,00 ± 90,01⁎ bLOD – bLOD bLOD

oxygendemand, LOQ: lower than quantification limit, for thepesticides ranged from0,2 to
terisksmean values above (*) to the limit established for the protection of the aquatic biota
Environmental Water Quality Guidelines (Niveles Guía Nacionales de Calidad de Agua



Table 4
Somatic indices for C. decemmaculatus males collected along the Suquía River basin.

Beginning of the breeding season

Indices Sampling sites

Puente Zuviría Casa Bamba Puente Cantón V. Corazón María

(n = 16) (n = 13) (n = 17) (n = 18)

SL (mm) 20,49 ± 0,35 18,54 ± 0,37 19,8 ± 0,34 19,81 ± 0,33
WT (g) 0,13 ± 0,01 0,09 ± 0,01 0,11 ± 0,01 0,11 ± 0,01
K 1,45 ± 0,03ᵃᵇ 1,56 ± 0,03ᵃ 1,42 ± 0,03ᵇ 1,39 ± 0,03ᵇ
HSI 0,31 ± 0,11ᵃ 0,45 ± 0,12ᵃ 0,72 ± 0,09ᵃᵇ 0,94 ± 0,10ᵇ
GSI 2,12 ± 0,25* 1,86 ± 0,27* 2,33 ± 0,23 2,54 ± 0,27*

End of the breeding season

Indices Sampling sites

Puente Zuviría Casa Bamba Puente Cantón V. Corazón María

(n = 21) (n = 25) (n = 14)

SL (mm) 19,44 ± 0,3 20,26 ± 0,27 – 19,04 ± 0,36
WT (g) 0,11 ± 0,01 0,13 ± 0,01 – 0,11 ± 0,01
K 1,48 ± 0,03* 1,55 ± 0,03* – 1,54 ± 0,03*
HSI 0,74 ± 0,15* 0,9 ± 0,15* – 1,26 ± 0,15*
GSI 1,46 ± 0,2 1,78 ± 0,2 – 1,76 ± 0,2

Values are expressed as means ± SDs. Different letters (a and b), when shown, indicate
significant differences among sampling sites (p b 0.05). Asterisks indicate significant dif-
ferences among reproductive seasons (p b 0.05). SL: standard length,WT:weight K: Fulton
condition factor, HSI: hepatosomatic index, GSI: gonadosomatic index.
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treatment or discharges wastewaters without previous treatment di-
rectly into the river, despite the self-purification capacity of the river
is exceeded (Pesce and Wunderlin, 2000; Hued et al., 2010;
Monferrán et al., 2011; Maggioni et al., 2012).

3.1.2. Pesticides
The registered pesticides as well as the concentrationsmeasured in-

dicate thatfish, and aquatic biota in general, are subject to chronic expo-
sure to substances of proven toxicity. Along the Suquía River basin we
have registered several pesticides, such as organochlorines, organo-
phosphates, permethrin and trifluralin, finding a high number of com-
pounds at CB and VCM. Table 3 shows the concentration of each
pesticide measured.

Trifluralin, found at CB at the end of the breeding season, was the
most concentrated pesticide quantified (134 ng·L−1), exceeding the Ca-
nadianWater Quality Guidelines (CCME, 2017) for aquatic biota protec-
tion in freshwater systems (0.2 ng·L−1). This is a selective pre-
emergence herbicide, which has been classified as highly toxic to fish,
it has genotoxic potential, and negatively effects on the pituitary gland
function (Könen and Çavaş, 2008; Silva et al., 2017).

Permethrin was also registered in high concentrations. This is a
broad spectrum synthetic pyrethroid insecticide, used in agricultural,
commercial and residential settings. This insecticide can cause oxidative
stress and immunosuppressive effects in fish (Parent et al., 2011). In the
beginning of the breeding season, the isomers cis and trans-permethrin
were registered at PC and VCM, while at the end of the breeding season
the isomers were registered at CB and VCM. In all these sites, the mea-
sured concentrations greatly exceed the limit of 0.6 ng·L−1 established
for the protection of the aquatic biota according to the Argentinean En-
vironmental Water Quality Guidelines (SRHN, 2017).

Chlorpyrifos is an organophosphate insecticide commonly applied
during the soybean cycle, which can affect behavioral, neurological
and reproductive parameters in fish (Botté et al., 2012; De Silva and
Samayawardhena, 2005; Oruç, 2010). In this regard, Bonifacio et al.
(2016, 2017) have assess the effects of chlorpyrifos on C.
decemmaculatus, and found a decrease in condition factor, alterations
in the locomotor activity and significant variations in the activity of di-
verse enzymes, such as acetylcholinesterase, antioxidant and biotrans-
formation enzymes. In our work, this insecticide was detected at low
concentrations at PZ and CB (2.98 and 3.13 ng·L−1, respectively), at
the end of the breeding season.

Organochlorine pesticides such as aldrin, dieldrin, endrine and
hexaclorobenzeno (HCB) are characterized by their high lipophilicity
and high bioaccumulative potential. They are also compounds that can
have hormone-disruptive effects as a result of their mimic action of es-
trogens (Tyler et al., 1998). Although the production and use of these
substances has been banned worldwide, they are still detected in the
environment due to their high persistence in sediments (Yang et al.,
2015). In this regard, in the beginning of the breeding season, aldrin
was registered at PC, dieldrin and HCB were measured at CB, PC and
VCM and endrin at VCM. In the end of the breeding season only dieldrin
and HCBweremeasure at CB and VCM. In all sites these pesticides were
found in low concentrations.

3.2. Body condition assessment

The Fulton's condition factor (K), showed the highest values during
the end of the breeding season, at PZ and VCM (Table 4). The reproduc-
tive season coincideswith the rainy season (spring and summer)where
high temperatures and longer photoperiod predominate, causing a high
availability of food for fish. In addition, we found significant differences
between sampling sites, with lower values at VCM, at the beginning of
the breeding season. These results indicate a direct relation with the
high environmental degradation of VCM, which causes the deteriora-
tion of fish health. Length-based condition indices have been tradition-
ally used to describe the general fish health. In this sense, individuals
with greater mass than their counterparts of similar length are consid-
ered to be in good condition (Rennie and Verdon, 2008; Arismendi et
al., 2011). Therefore, the aforementioned will result in the amount of
available energy that the individual possess which may be allocated to
various life functions including reproduction, foraging and survival
(Neff and Cargnelli, 2004). In particular, the Fulton's condition factor
(K) could reflect the animal health condition, reproductive and non-re-
productive season and food availability (Trudel et al., 2005; Froese,
2006). According to our results, fish from the most contaminated site
must face the energetic costs related to the internal detoxifying pro-
cesses of living in polluted waters, which can be observed through de
decreased of K values in VCM.

Hepatosomatic Index (HSI), aswell as the variation pattern of K, pre-
sented significant differences between sampling sites at the beginning
of the breeding season (ANOVA, d.f. = 3, F = 7.24, p = 0.002). The
highest HSI values correspond to VCM, the site with the lowest WQI
values. The liver enlargement could be a nonspecific response to toxi-
cants due to the increased demands on enzymatic activity in the liver
(Toft et al., 2003). We also found significant differences in HSI values,
between sampling periods (ANOVA, d.f. = 1, F = 12.98, p = 0.0009).
The lowest values of this index occurred on November. Koya and
Iwase (2004) indicated that during the spermatogenic period, at the be-
ginning of the breeding season, the HSI of Gambusia affinis remains low
due to the high energy demands that reproductive activities required,
such as copulation. On the contrary, during the non-reproductive sea-
son, the HSI increases. These authors also describes that GSI presents
an opposite pattern to HSI, showing the highest values during the sper-
matogenic period and a decrease as the reproductive season ends. In
agreement with the mentioned work, in our study the GSI showed sig-
nificant differences at the end and the beginning of the breeding season
(ANOVA, d.f. = 1, F = 7.80, p = 0.008),with the lower values at the end
of the reproductive period. These results suggest a gonadal depletion by
the active copulation.

3.3. Morphological analysis of the gonopodium

The gonopodial development occurs under androgenic control dur-
ing sexual maturation of males (Rosa-Molinar et al., 1994). This matu-
rity could be morphologically identified through the presence of the



Table 5
Gonopodium morphological parameters of C. decemmaculatus males collected along the
Suquía River basin.

Beginning of the breeding season

Parameter Sampling sites

Puente Zuviría Casa Bamba Puente Cantón V. Corazón María

(n = 16) (n = 13) (n = 17) (n = 18)

GL (mm) 7,93 ± 0,13 8,03 ± 0,12 7,65 ± 0,12 7,93 ± 0,16
Gonop-SI 40,9 ± 0,5 39,69±0,46 38,68 ± 0,51ᵇ 40,98 ± 0,64
GFL (mm) 1,08 ± 0,06ᵃᵇ 1,21±0,06ᵇ 0,98 ± 0,08 0,94 ± 0,08ᵃ
4:6 length ratio 2,51 ± 0,07ᵃ 2,88±0,07ᵇ 2,89 ± 0,06ᵇ 2,83 ± 0,06ᵇ
3:4 width ratio 6,48 ± 0,43ᵃ 6,18±0,43ᵃᵇ 5,29 ± 0,37ᵃᵇ 4,99 ± 0,37ᵇ
Hooks 5,17 ± 0,35 5,17 ± 0,35 5,00 ± 0,30 5,63 ± 0,30

End of the breeding season

Parameter Sampling sites

Puente Zuviría Casa Bamba Puente Cantón V. Corazón María

(n = 21) (n = 25) (n = 14)

GL (mm) 7,93 ± 0,13 8,03 ± 0,12 – 7,93 ± 0,16
Gonop-SI 40,9 ± 0,5 39,69±0,46 – 40,98 ± 0,64
GFL (mm) 1,08 ± 0,06ᵃᵇ 1,21±0,06ᵇ – 0,94 ± 0,08ᵃ
4:6 length ratio 2,95 ± 0,06 2,85 ± 0,05 – 2,96 ± 0,08
3:4 width ratio 5,44 ± 0,18 5,31 ± 0,16 – 5,04 ± 0,24
Hooks 5,23 ± 0,32 5,69 ± 0,29 – 4,86 ± 0,44

Values are expressed as means ± SDs. Different letters (a and b), when shown, indicate
significant differences among sampling sites (p b 0.05). GL: gonopodium length, Gonop-
SI: gonopodium somatic index, GFL: length of gonopodial filament.
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so-called termination complex, consistingof hooks and serrae at thedis-
tal end of the gonopodium (Fig. 3). It has been shown that males living
in waters contaminated by sewage effluents have gonopodia shorter
than those living in unpolluted waters (Batty and Lim, 1999; Kinnberg
and Toft, 2003; Hued et al., 2013). Similar observations have been re-
corded in males exposed to xenoestrogens during their development,
under laboratory exposure conditions (Doyle and Lim, 2002; Angus et
al., 2005).

Therefore, gonopodial development is sensitive to environmental
chemicals through endocrine disruption (Kinnberg and Toft, 2003).
However, as gonopodium once developed, it does not require more an-
drogenic stimulation for its maintenance.

In the present study Gonop-SI showed significant differences be-
tween sampling sites, at the beginning of the breeding season, with
the lowest values at PC (Table 5). This site, which is in the center of
Cordoba city, receives the downtown runoff, which is composed largely
by the pollution contribution coming from vehicles. In addition, it
should be noted that in PCwe have registered the presence of pesticides
with a known estrogenic effect, such as dieldrin, HCB and b-hexachloro-
cyclohexane (Fry, 1995; Wester, 1991). Taking into account this situa-
tion, the decrease in Gonop-SI values could reflect the effects of
degraded waters at this site on reproductive structures of fishes.

Maggioni et al. (2012) and Rautenberg et al. (2015) registered com-
pounds with estrogenic activity in Suquía River basin once it leaves the
city and receives the effluents from EDAR wastewater treatment plant.
Some of these recorded compounds were heavy metals, such as lead,
manganese and zinc. In our work we also determine the presence of
various pesticides with potential ED effects. Thus, we expected to find
a decreased in Gonop-SI values in individuals collected at VCM. How-
ever, the values we registered were similar to those of the individuals
inhabiting the references sites. One possible explanation could be that
fish at VCM are adapted to the altered environmental conditions of
the aquatic systemwhere they inhabit. When these conditions are con-
stant over time and cover successive generations and traits that increase
the success of individuals are inherited, genetic structure of the popula-
tion could change, resulting in a population adaptation to the local con-
ditions (Nacci et al., 1999). Another explanation to our results could be
the contribution of new individuals from floods during the rainy season
to the permanent population of VCM. These new individuals would not
Fig. 3. (A–B) fully developed gonopodium of C. decemmaculatus adult male. Note the shorten
gonopodium morphology of C. decemmaculatus adult male. Note the widening of the gono
terminal complex in (D); (E–F) gonopodial tip of C. decemmaculatus adult male. Note that go
gonopodial tip with hook (H) and serrae (S). (A and B= 20×, C and D= 30×, E and F= 50×)
have been exposed to the effluents discharged by EDAR treatment plant
during their sexual maturation. Currently, our work group is carrying
out genetic studies on C. decemmaculatus that could answer this ques-
tion and allow us to know in more detail the population variations of
this fish along Suquía River Basin. Additionally, it was measured the
gonopodial filament of the third ratio (GFL). It is a bone process called
cirri covered by soft tissue (Fig. 3), which is an effective tool to limit
the depth of the gonopodium insertion during copulation, since the
cirri could not be introduced in the genital pore of female. However
this long and flexible processes serve to seal the genital pore of C.
decemmaculatus females when the contact is made, and then avoiding
ed gonopodial filament (GFL) of the individual from Villa Corazón de María (B); (C–D)
podium in (C) and the abnormal gonopodial tip, with a soft tissue covering the entire
nopodium tip in (F) lacks the hooks and serrae that make up the terminal complex. (a)
.
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the loss of spermatozeugmata (spermpackets formedby the association
of a Sertoli cell with spermatozoa) that are transferred during copula-
tion (Greven, 2005; Uribe et al., 2014).

The GFL values differed significantly between sampling sites
(ANOVA, d.f. = 3, F = 3.67, p = 0.014). Males coming from CB pre-
sented the highest values of GFL whereas individuals collected in VCM
showed the lowest values of this parameter, at the end of the breading
season.

These results indicate that although the length and maturation of
gonopodia arewithin normal values at VCM, the internal structure is af-
fected. The alterations observed in the bony cirri, such as its shortening,
indicate the presence of anomalies in the small internal structures of the
gonopodium. These significant differences present the same pattern of
variations of the results obtained in the ANOVA test performed for the
WQI, where significant differences were found between sample sites.

Moreover, females collected at the same time and at the same sam-
pling sites, for a concurrent study, did not presented significant differ-
ences in the number of fertilized oocytes between sampling sites
along Suquía River (Rautenberg et al., 2017). This finding suggests
that the filament shortening registered in males does not affect the
number of fertilized oocytes in females. On the other hand, individuals
collected at CB during the beginning of the breading season presented
the distal filament with a shorter length than those collected on the
Fig. 4. Liver histological alterations ofC. decemmaculatus from the Suquía River basin. (A) individ
nucleus, arranged around sinusoids (s); (B) individual from Casa Bamba; (C) individual from
degeneration, sd: sinusoid dilation, bc: blood congestion (H&E stain 400×).
following sampling season at the same site. These fish also had a shorter
standard length and total body weight and their gonopodium was
shorter than those individuals that belong to the late reproductive pe-
riod. These results suggest a maturation delay and not necessarily the
toxic effects of polluted environments on the exposed fishes.

In the stained skeletons, the number of hooks present in the
distal end of the fourth ray did not present significant differences
(Kruskal-Wallis test, d.f. = 3, H= 3.17, p= 0.299), indicating that indi-
viduals analyzed were sexually mature. On the other hand, the 4:6
length ratio showed significant differences between sampling sites
during the beginning of the breading season (Table 5, Fig. 3). Fish indi-
viduals from PZ showed a lower ratio respect to the others sites. Angus
et al. (2005) argues that a normal 4:6 length ratio in G. affinis mature
males is 2.50. These authors indicate that values lower to 2.50 represent
a feminized state of males, as they are close to the 1:1 ratio of female
anal fin rays. Individuals sampled at the PZ presented a ratio of 2.51 in
the beginning of the breeding season. Therefore, the ratio is within the
expected normal values for mature males.

The 3:4 thickness ratio between sampling sites in individuals col-
lected on the beginning of the breeding season was significantly differ-
ent (ANOVA, d.f. = 3, F = 3.48, p = 0.031). Fish individuals at VCM
showed the lowest values at both samplings periods. Although the nor-
mal thicknesses ratio of ray 3 and 4 in mature males of C.
ual fromPuente Zuviría. The liver is composedof polyhedral hepatocytes (he)with a round
Puente Cantón; (D–E) individuals from Villa Corazón de María. References: hd: hydropic
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decemmaculatus had not been described until the present work, accord-
ing to the datawe obtained, the normal ratiowould be close to 5, since it
is the minimum value that has been found in fishes from the reference
sites. Thus, if this value is considered as an indicator of normality, the in-
dividuals collected fromVCMwould bewithin the expected parameters
for the gonopodial 3:4 thickness ratio. According to our results, it be-
comes necessary to carry out new studies in order to know more
about the correct development of gonopodium in C. decemmaculatus.

3.4. Histological analysis

3.4.1. Liver
As inmany teleost, the liver of C. decemmaculatus has a homogenous

parenchymal structure. Hepatocytes have a polyhedral shape, with a
rounded nucleus. They are located around sinusoids and weakly orga-
nized in cords. The liver is the central organ of several key metabolic
pathways and is associatedwith the processes of detoxification and bio-
transformation, being one of the most affected organs by the environ-
mental pollutants (van der Oost et al., 2003; de la Torre et al., 2007).
In response to exposure to different compounds, the liver could show
alterations in its architecture, biochemistry and physiology that al-
though are non-specific for the different class of pollutants, they allow
to assess the general state of individuals (Costa et al., 2009; Ahmed et
al., 2013).

In the present work, few liver histological alterations were regis-
tered (Fig. 4). We mainly registered regressive changes and circulatory
disturbances, being hydropic degeneration and blood congestion, the
most frequent alterations, respectively. Sinusoid dilation and scarce he-
patocyte picnosis were also observed but to a lesser extent. Progressive
changes or inflammation processes were not registered.

Hydropic degeneration is characterized by the presence of swollen
cells with opaque, granular and more acidophilus cytoplasm than nor-
mal cells due to the accumulation of water inside them. Blood conges-
tion involves an increased in blood flow, to ensure the detoxifying
processes carried out by the hepatocytes. On the other hand, this
event slows the circulation due to the increase of blood lacunas in the
hepatic tissue (Fanta et al., 2003). This alteration has been associated
with exposure to sublethal concentrations of several pesticides
(Ballesteros et al., 2007; Hued et al., 2013). However, the low occur-
rence of these alterations in our study, suggests that the water quality
degradation did not significantly affect the liver structure and function
at the level analyzed.

Since no histological differences were found between the early and
late reproductive periods, all individuals were considered together for
the calculation of histopathological indices. HI LIV·Pr and HI LIV did not
significantly vary between sampled sites (Kruskal-Wallis test, d.f. = 3,
H = 1.7, p = 0.635) (Table 6). These results could be related to the
few alterations found during the histological analysis. Therefore, despite
the severe pollution registered at VCM, the low frequency and severity
of histological damages suggest that organism could be physiologically
adapted to the adverse environmental conditions.

3.4.2. Gonads
C. decemmaculatus presents a restricted spermatogonial testis type,

as well as the rest of Atherinomorpha (Grier et al., 1980). In this type
of testis, lobules develop from the testicular periphery to the central
Table 6
Histopathological index in liver of C. decemmaculatus collected along Suquía River basin.

Parameter Sampling sites

Puente Zuviría Casa Bamba Puente Canton V. Corazón María

(n = 5) (n = 4) (n = 4) (n = 6)

HILIV 20,77 ± 1,41 21,8 ± 1,57 19,75 ± 1,57 21,49 ± 1,28

Values are expressed as means± SDs.
duct. The cysts, which contain the spermatogenic cells, develop along
the length of the lobule, with the spermatogonia being restricted to
the termini of the lobules, near the albuginea tunic. As the spermatogen-
esis progresses, the cystsmigrate towards the efferent ducts system and
release the spermatozoa into them. Thereby, within the lobule, the dif-
ferent stages of spermatogenesis are in increasing order of maturation.

Spermatogonias A, surrounded by Sertoli cell processes, are located
at the end of the lobule. Immediately next to them, there are the cysts
containing spermatogonia B and immediately after, the primary and
secondary spermatocytes are located, and finally it could be observed
the spermatid and spermatozoid (Grier et al., 1980) (Fig. 5). In different
fish species whit internal fertilization, spermatozoa are packaged in
naked bundles, known as spermatozeugmata, that are released into
the efferent duct (Uribe et al., 2014). The formation of
spermatozeugmata always involves the association of Sertoli cells
with the spermatozoa. In poeciliids, the sperm heads are associated
with Sertoli cells so that they are all directed towards the periphery of
the packaging (Fig. 5D), while their tails are oriented towards the center
of the cysts (Uribe et al., 2014).

Although many compounds registered in the Suquía River basin
could disrupt the endocrine system of fish, males collected along the
watershed did not present testis histological alterations and the propor-
tion of cysts with immature andmature stages did not significantly var-
ied between sampling sites (Table 7).

Several works have pointed out changes of the normal testis struc-
ture under the exposure to EDs, showing both germinal and interstitial
tissue abnormalities. Among the main disorders, it has been described
an inhibition of spermatogenesis with an absence of spermatogenic
cysts and the presence of spermatozoa in the lumina (Gimeno et al.,
1998). Koç et al. (2012) also described spermatogonia anomalies such
as loss of connection between these cells or syncytia formation,whereas
Flammarion et al. (2000) and Kinnberg and Toft (2003) have also ob-
served, in the efferent and seminifeous ducts, necrosis, fibrosis and hy-
pertrophy of the Sertoli cells. Finally, several works have been showed
ovo-testis development inmales of different fish species such asOryzias
latipes, Rutilus rutilus and Cyprinus carpio, exposed to estrogenic
chemicals (Gray and Metcalfe, 1997; Gimeno et al., 1998; Jobling and
Tyler, 2003). Nevertheless, the results obtained from our work are in
agreement with Angus et al. (2002), whomaintain that poeciliids fishes
appear to have a very stable sex determination.

According to our results C. decemmaculatusmales are adapted to the
degraded environmental conditionswhere they live, as they continue to
reproduce at the most contaminated sites. However, it should be men-
tioned that in the last samplings carried out at VCM, the population
was decreasing with respect to the first samplings, which coincides
with the fluctuation in the abundance of the species in the most pol-
luted sites described by Hued et al. (2010).

4. Conclusions

The increasing impact of the diverse anthropogenic activities on the
aquatic environment is evident through the pollution gradient regis-
tered along the Suquía River basin. In particular, it is necessary to em-
phasize that C. decemmaculatus tolerates both pristine and highly
polluted environments as could be observed through our work. How-
ever, individuals collected from contaminated sites were affected by
the low quality of their waters. The analysis of the gonopodium mor-
phology showed that males collected at Córdoba city had the lowest
Gonopodium-Somatic Index value (Gonop-SI), while those from the
most polluted site showed abnormalities in the small gonopodium
structures. Therefore, the male copulatory organ of C. decemmaculatus
is a good indicator of degraded aquatic environment. We considered
that more studies that deepen on different aspects of their biology are
needed, particularly those than consider the female reproductive as-
pects. The responses generated through the different biological param-
eters measured suggest that they could be used as good indicators of



Table 7
Percentage of primary and secondary spermatogenic cysts in C. decemmaculatusmales collected in Suquía River.

Beginning of the breeding season

Parameter Sampling sites

Puente Zuviría Casa Bamba Puente Cantón V. Corazón María

(n = 7) (n = 5) (n = 6) (n = 7)

% primary stages 21,53 ± 6,30 15,67 ± 7,46 21,84 ± 6,81 21,37 ± 6,30
% secondary stages 78,47 ± 6,30 84,33 ± 7,46 78,16 ± 6,81 78,63 ± 6,30

End of the breeding season

Parameter Sampling sites

Puente Zuviría Casa Bamba Puente Cantón V. Corazón María

(n = 4) (n = 6) (n = 5)

% primary stages 5,53 ± 7,09 8,63 ± 5,79 – 12,54 ± 6,34
% secondary stages 94,47 ± 6,73 90,47 ± 5,49 – 86,02 ± 6,02

Values are expressed as means± SDs.

Fig. 5. Testis histological sections of C. decemmaculatus adult male from the Suquía river Basin. (A) general structure of the testis; (B) spermatogonia and spermatocytes cysts; (C)
Secondary spermatocytes, spermatid and spermatozoid cysts; (D) spermatozeugmata. References: Scp: primary spermatocytes, Scs: secondary spermatocytes, St: spermatid, Ed:
efferent duct, Sg: spermatog onia, Sp: spermatozeugmata (H&E stain 400×).
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water quality of an extensive South American area where C.
decemmaculatus lives.
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