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Abstract
On November 5th, 2015, the Fundão Dam collapsed dumping more than 50 million/m3 of iron ore tailings,
enriched with metals, into the Doce River channel. The objective of this study was to evaluate the reproductive
biology and histological damage in Astyanax lacustris exposed to the metals from the dam collapse. The study
was carried out at Doce River, in Espírito Santo State, Brazil. Monthly samplings were carried out for a year.
Astyanax lacustris had multiple spawning: females reproductive peak was in September, October, November,
and December; and males between September, October, January, and February. There was a latency in the
formation of gonads. For male gonads, it was necessary a 6 cm growth for it to increase from 30% to 50% and 4
cm for female gonads to increase from 40% to 50%. There is a positive correlation between gonad’s
concentration of Al and Fe and the rate of histological damage in females. Male gonads had a high rate of
immature cells invading the cell lumen (47.36%) and female gonads showed higher frequency of atresia
(39.64%). Fish exposed to the contaminated water showed high gonad histological damage. The observed
changes can directly in�uence the organism development and reproduction in the long run, thus affecting A.
lacustris population present in the region.

1. Introduction
On November 5th, 2015, the Fundão dam collapsed in the municipality of Mariana, causing a �ood of mud and
mining waste (55–62 million m³) into the Gualaxo do Norte River. The mud �owed into the Doce River and
spread for 600km until arriving to the Espírito Santo coast (Escobar 2015). Gomes et al. (2019) and Quadra et
al. (2019) reported an increase in several metals in the Doce River shortly after the dam burst. Macêdo et al.
(2020) and Weber et al. (2020) observed high concentrations of metals, such as Iron (Fe), Aluminum (Al),
Manganese (Mn), and Lead (Pb) in the Doce River, even three years after the dam broke. The presence of these
metals in aquatic ecosystems can cause negative impacts on exposed organisms, such as genetic and
reproductive damage, reduced growth rate and potentially fatal pathologies (Cantanhêde et al. 2016, Viana et al.
2018). Xenobiotics, such as metals, can act in different pathways in organisms, involving different physiological
processes (Tolussi et al. 2018), affecting sexual differentiation (Baroiller and Guiguen 2001) and gonadal
development (Vested et al. 2014), and inducing vitellogenin synthesis in males (Vetillard and Bailhache 2006).

Unlike organic pollutants, metals do not suffer degradation or rapid elimination from the ecosystem, causing
organisms exposed to these contaminants to accumulate them through the gills or by ingestion through the
food chain (Van der Oost et al. 2003; Couture and Pyle 2012; Zeng et al. 2012; Merciai et al. 2015). When
ingested, metals bind to the body's molecules such as water, proteins and enzymes, forming stable biotoxic
compounds and inactivating biomolecules (Duruibe et al. 2007). These biochemical changes, whether severe or
prolonged, can cause structural changes (Hinton and Laurén 1990; Van Dyk et al. 2009) and, thus, cause
harmful reproductive effects (James 2011).

Wester and Canton (1992) and Yancheva et al. (2016) state that one of the methodologies that have a direct
connection with physiological functions, such as reproduction, is histology. Green�eld et al. (2008) a�rm that
histological changes in target tissues are sensitive biomarkers for the effects caused by exposure to
xenobiotics. These changes occur before phenotypic ones and provide a more in-depth assessment of the
effects of water pollution on communities, evaluating the incidence and prevalence of abnormalities in target
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tissues of exposed organisms. Braunbeck et al. (1990) and Yancheva et al. (2016) also state that histological
changes are a re�ection of the health of the entire population within the ecosystem studied.

Astyanax is one of the most widely distributed �sh genera in the Neotropics with around 150 different species
(Súarez et al. 2017). The species of Astyanax genera are relatively small (10–12 cm, as an adult). They move in
shoals and being important forage specie to �shes in a higher lever of the trophic chain (Pereira et al., 2016).
Astyanax lacustris (Lütken 1875) has morphological characteristics that include this species in the group also
known as Astyanax bimaculatus. Recently, Lucena and Soares (2016) described Astyanax jacuhiensis,
Astyanax asuncionensis and Astyanax altiparanae as synonyms of Astyanax lacustris (Lütken 1875), resulting
in a signi�cant expansion in the known distribution of the species. As a result, understanding the species'
reproductive biology, and what aspects affect it, has become increasingly important (Súarez et al. 2017).
Astyanax lacustris is native to the Doce River and has an early sexual maturity (maturation in 0.7-1.0 years and
generations about 18 months old). In addition to its ecological importance, A. lacustris is indicated as a sentinel
species for environmental investigations in relation to aquatic contamination and experimental tests in the
laboratory (Prado et al. 2011), as they have numerous offspring, short generations and are easy to reproduce
and manage (Jeffery 2001, Silva and Porto-Foresti 2020). Astyanax lacustris does not migrate for reproduction,
has the capacity to reproduce in both lotic and lentic environments, and has a long reproductive period with
multiple peaks of active reproduction (Godinho et al. 2010, Weber et al. 2012).

The populations of A. lacustris from the Doce River are being exposed to metals throughout their life cycle, due
to the environmental disaster that occurred after the Mariana dam collapsed in 2015 (Passos et al., 2020). With
the hypothesis that the enrichment of metals in water can negatively in�uence the reproduction of �sh (Kime
1998; Blazer 2002; James 2011), this work aimed to evaluate the reproductive biology of A. lacustris in the lower
Doce River and to verify the deleterious histological effects of a population chronically exposed to tailings from
the dam rupture in November 2015.

2. Methodology

2.1. Fish sampling and biometric measurements
The Doce River Basin is divided into three physiographic regions. The upper and middle Doce River are located
in Minas Gerais, while the lower Doce River is located in Espírito Santo, and it is responsible for approximately
one third of the state's water volume (Moretto 2001). Fish and water were sampled in the lower Doce River,
downstream of the Mascarenhas Hydroelectric Power Plant (UHE), Baixo Guandu, Espírito Santo State
(19°30'04.8 "S 40°53'23.2" W), close to the mouth of the Mutum Preto stream (please see graphical abstract).
The climate presents pluviometric seasonality with greater rainfall occurring between October and March, with
variations from 50 to 300 mm and an annual total of 1019 mm (Silva et al. 2010, ANA 2020). In addition, Sales
et al. (2018) and ANA (2020) determined that the largest drought occurs from April to September, with an
average rainfall of less than 50 mm per month. The data obtained at the National Water Agency (ANA 2020)
come from a pluviometric station (station code: 01941003) located along the course of the river in the
municipality of Baixo Guandu.

The project was carried out with the approval of the animal ethics committee (CEUA/UVV # 563–2018). Monthly
samplings of A. lacustris were carried out for one year, from June 2018 to May 2019. The �sh sampling was
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performed with a 12mm mesh ring net. Between 10 and 20 individuals were sampled monthly (224 individuals
at the end of the study) (Table 1).

Table 1
Number of mature, immature and unidenti�ed individuals of A. lacustris exposed to

the Doce River mining tailings.
Bimesters Male Female NI

Mature Immature Total Mature Immature Total

Jan Feb 14 9 23 2 5 7 1

Mar Apr 5 10 15 12 10 22 0

May Jun 3 13 16 7 15 22 2

Jul Aug 9 12 21 5 13 18 7

Sep Oct 2 10 12 19 9 28 0

Nov Dec 12 6 18 9 3 12 0

Total 45 60 105 54 55 109 10

The �sh were anesthetized with Benzocaine solution (0.2 g.L− 1) and, afterwards, euthanized by cervical section.
For all specimens, sexing was performed based on the presence of spikes in the anal �n of the males and the
shape of the body (Dos Santos et al. 2020), with the counterproof being made with the analysis of the gonads.
The sex ratio of the population was assessed using the Chi-square test (X2) with p < 0.05. Furthermore,
measurements of total length (TL), body weight (BW) and gonad weight (GW) were taken. Afterwards, the
following biological indices were calculated: gonadosomatic index (GSI = GW x 100/BW) and Fulton's condition
factor (K = BW x 100/(TL^3 )). Then, the gonads were removed; a part of them was immersed in glutaraldehyde
0.5%, where they were kept until the histological analysis (Venturoti et al. 2019a, b); the other part was frozen at
-80ºC for later analysis of metals.

2.2. Water samplings and analysis
Monthly water samplings of Doce River (collection site) were carried out in triplicate for physicochemical and
metal analysis. The following physicochemical parameters of the water were measured: dissolved oxygen (DO),
temperature and pH with the Horiba U53 multiparameter (Tokyo, Japan); and hardness and alkalinity were
measured by titration, according to APHA (2005). For metal analysis, the collected water was preserved in nitric
acid (pH < 2) for later analysis. Al, Cr, Pb, Mn, and Fe were analyzed, in total fraction, encompassing the metals
with toxic potential and evidenced in previous analyses of the Doce River’s water and sediment according to
Gomes et al. (2017) and Macêdo et al. (2020).

2.3. Study of gonads

2.3.1. Presence and absence of gonads
The probability of considering A. lacustris individuals capable of reproduction, at a certain body length, was
obtained through the presence (visibility of the gonads) or absence (gonads not visible yet) of gonads (Blain
and Sutton 2016). The collected �sh were separated by size categories, and the number of mature and
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immature individuals in each category was described. Subsequently, the frequency of individuals of each sex
with mature gonads was calculated.

The body length estimated at the �rst maturation (L50) represents the body length at which 50% of the �sh are in
reproductive capacity. The following formula was used to obtain the percentage of growth that the population
needs to move from X% of mature individuals to 50% of them: Growth percentage (%)= (L50-LX)*
(100/maximum length of the individuals). For males we used X = 30% and for females X = 40%, since the
smallest individuals collected presented 30% and 40% of the population already sexually matured for males and
females, respectively.

2.3.2. Histological analysis of gonadal maturation
For histological analysis, the gonads were prepared according to Venturoti et al. (2019a, b): (I) dehydration of
gonad samples with increasing concentrations of alcohol, reaching 100% (overnight); (II) in�ltration of gonad
samples with historesin solution (Historesin kit, LEICA Biosystems, Wetzlar, DE); (III) histological section of the
gonads (5 µm thick), using a microtome (LEICA model - RM2125RT); (IV) slide staining with hematoxylin-eosin
(HE). Afterwards, the stages of gonadal development were classi�ed according to Prado et al. (2011) using a
microscope (Leica Galen III model). The stages description of the gonadal development is detailed in the
supplementary material (Table 2).

Table 2
Microscopic characteristics of the gonadal maturation stages of A. lacustris organisms exposed to Rio Doce

mining tailings.

  Machos Female

Resting (1) Seminiferous tubules with only sperm and
occlused lumen.

Presence of early and advanced perinuclear
follicles and oogony nests.

Maturation
(2)

Seminiferous tubules with sperm cell cysts
and lumen full of sperm and acidophilic
secretion.

Presence of perinuclear follicles, pre-
vitellogenic follicles and vitelogenic follicles.

Parcial
spawning
(3)

Presence of few sperm cell cysts and
partially empty tubular lumen.

Presence of perinuclear follicles, pre-
vitellogenic follicles, vitelogenic follicles and
post-ovulatory follicles.

Total
spawning
(4)

Seminiferous tubules containing
spermatogonia and empty tubular lumen
with only a few remnants of sperm.

Presence of perinuclear follicles and post-
ovulatory follicles.

2.3.3. Histological damage to the gonad
For both sexes, 8 gonad sections from each individual were read microscopically. A qualitative histological
analysis was performed using a microscope. After this procedure, the results were transformed, in a semi-
quantitative way, using a protocol according to Agbohessi et al. (2015). Also, according to Agbohessi et al.
(2015), the score and the importance factor for each alteration identi�ed were multiplied and then added in order
to obtain the gonad damage index of each individual. According to Bernet et al. (1999) and Agbohessi et al.

(2015), the formula used to calculate these indices was:  where org = 
organ (constant), rp = reaction pattern, alt = alteration, α = score and ω = importance factor.
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For females, the histological analysis and damage index determination was also carried out quantitatively. For
this, a reading of all cells and all cuts was made. The numerical data obtained were later transformed into a
percentage of damage (Prado et al. 2011).

These indices were used to compare the severity of each histological alteration found in the collected �sh. To
classify the severity of the damage index in the testicles (It) and the damage index in the ovaries (Io), the results
were evaluated based on a classi�cation system provided by Agbohessi et al. (2015): Class 1 (index < 10): tissue
with normal structure and few histological changes; Class 2 (index 10–20): tissue with normal structure and
moderate histological changes; Class 3 (index 20–30): clear changes in organ tissue; Class 4 (index > 30):
severe changes in organ tissue. In order to determine the severity index of each individual, the changes
described in Table 3 were accounted for.

In addition to the indices calculated by score and pathological importance of the lesions, another point of
interest was used for histopathological characteristics (Agbohessi et al. 2015). The prevalence of each change
was calculated according to the percentage of occurrence among the collected �sh. The formula used was:
Prevalence of histological changes = (Number of �sh with the change / Total number of �sh) x 100 (Agbohessi
et al. 2015).

Table 3
List of histological changes detected microscopically in individuals of A. lacustris exposed to mining waste

from Rio Doce.
Alteration Description

  Female

Atresia Agglomeration or perforation of the radiated area, fragmentation of the nucleus,
disorganization of the ooplasm and reabsorption of the yolk by the perifollicular cells

Hyperplasia Increase in the number of cells in the epithelium involved in follicular development

Basal
membrane
detachment

When the cytoplasm recedes and detaches from the epithelium involved in follicular
development

  Male

Immature cells
invading lumen

It occurs when cells of primary development, such as spermatogonia, invade the lumen,
staying between the spermatozoa

Intersex Presence of one or more oogenic cells (individual or clustered), between the testicular
cells. However, they are perinuclear, cortical alveoli, vitellogenic or attractive. There is no
evidence of ovarian architecture

Desynchronized
growth

Presence of more than one stage of sperm cell development in a single gonad cut

2.4. Metal analysis
The concentrations of metals in water and gonads were measured. For digestion of the gonads, ultrapure water,
ultrapure nitric acid, and hydrogen peroxide (5:2:1) and a microwave energy digester (Ethos UP from Millestone)
were used. We followed the protocol of the device for digestion: 30min at 200°C and maximum power of 1000W.
After being digested, the samples were quanti�ed for Al, Cr, Pb, Mn, and Fe in a graphite oven, in the Atomic
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Absorption spectrophotometer (Thermo ICE3500). The quality assurance and quality control (QA/QC) tests of
the analyses were carried out in order to monitor and control the reliability of the analysis methodology. For
each evaluated metal, a calibration curve was prepared and for Fe and Mn, a certi�ed reference material (ERM®
- BB422) was used (Table 4). The bioconcentration factor of each metal was also calculated, relating the
concentration of metals in the water and in the gonad of each �sh, using the following formula: BCF = Cg/Cw,
where Cg is the concentration of the metal in the gonad of each organism and Cw is the metal concentration in
the collected water (Nenciu et al. 2016). According to the Registration, Evaluation, Authorization and Restriction
of Chemicals, a regulation of the European Parliament (REACH # 1907/2006), a metal ful�ls the
bioaccumulation criterion when BCF > 2000. As for the United States Environmental Protection Agency (USEPA),
a metal is considered a trigger for potential bioaccumulative effects when BCF > 1000. When BCF > 5000, the
metal is considered highly bioaccumulative for both REACH and USEPA.

Table 4
Percentage of recovery of analytes present in the certi�ed reference material (ERM-BB422), limits of

quanti�cation and detection practicable (mg.kg− 1 wet weight), limits of detection and limit of quanti�cation of
analytes.

Metal Certi�ed values
(mg/kg)

Measured values
(mg/kg)

Recovery
(%)

LD
(µg/L)

LQ
(µg/L)

R2

Al - - - 40,473 122,65 0,99

Cr - - - 10,945 33,168 0,99

Mn 0,37 0,44 118 6,730 20,396 0,99

Fe 9,4 9,9 105 44,035 133,44 0,99

Pb - - - 0,420 1,274 0,99

2.5. Statistical Analysis
The results of metal concentration in the water quality were grouped every two months and presented as mean
and standard error. The results of metal concentration in the gonad were also grouped every two months, but it
was presented as mean and standard deviation. The concentration of the different metals in the gonads was
compared –between sexes and bimonthly– by a two factor ANOVA (p < 0.05), followed by a Tukey test (p < 
0.05). The values were logarithmic (Log 10) in order to normalize the results. The GSI and FC were compared
between bimesters by ANOVA (p < 0.05), followed by a Tukey test (p < 0.05).

To determine the correlation between the histological damage index and quanti�cation of metals in the gonad, a
Pearson correlation was performed (p < 0.05).

3. Results

3.1. Physicochemical and metal analysis in water
The results of the physicochemical parameters and the concentrations of Fe, Mn, Al, Cr, and Pb in water are
described in Table 5. Dissolved oxygen obtained an average of 7.71 ± 0.34 mg.L− 1, with a higher concentration
in May and June, and, lower, in November and December. We obtained a temperature average of 27.09 ± 1.54 ºC,
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with higher detection in January and February, and, lower, in July and August, following the temperature of the
seasons. We obtained the same results for pH and alkalinity, with higher results in May and June (7.37 ± 0.02
and 80.9 ± 3.75 mg.L− 1, respectively) and, lower, in November and December (5.21 ± 0.11 and 36.35 ± 3.22
mg.L− 1, respectively). The average pH was 6.59 ± 0.29 and the alkalinity was 66.33 ± 4.38 mg.L− 1. We obtained
a conductivity average of 66.33 ± 0.007 µg.cm− 1, with higher results in May and June, and, lower, in July and
August. This also occurred with hardness, which showed higher results in July and August and lower in
September and October. The average hardness was 44.21 ± 1.26 mg.L− 1. In relation to metals, the ones with the
highest concentration were Al and Fe, with averages of 543.78 ± 125.58 µg.L− 1 and 491.59 ± 97.36 µg.L− 1,
respectively. Al was found in greater concentration in January and February, with 986.83 ± 237.08 µg.L− 1; and Fe
was found in greater concentration in November and December, with 900.88 ± 131.78 µg.L− 1, both in the period
of greatest rainfall (Sales et al. 2018). The concentration of metals in the water during the sampling followed
the following order: Jan Feb (Al > Fe > Mn > Pb > Cr), Mar Apr (Al > Fe > Mn > Cr > Pb), May Jun (Fe > Al > Mn > Cr > 
Pb), Jul Aug (Al > Fe > Mn > Pb > Cr), Sep Oct (Al > Cr > Mn > Fe > Pb), and Nov Dec (Cr > Al > Mn > Pb > Fe).
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Table 5
Annual physicochemical parameters and concentration of metals quanti�ed in the Doce River. The data are

presented as mean and standard error. <LQ = below the limit of quanti�cation.
Parameters Bimesters

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Dissolved oxygen
(mg.L− 1)

7.71 ± 0.68 7.40 ± 0.23 8.90 ± 
0.15

7.74 ± 0.15 7.73 ± 0.83 6.77 ± 0.03

Temperature (°C) 30.81 ± 
1.27

27.06 ± 
2.43

27.04 ± 
1.97

24.46 ± 
0.14

25.64 ± 
0.95

27.51 ± 
2.48

pH 7.41 ± 0.15 6.55 ± 0.41 7.37 ± 
0.02

6.93 ± 0.09 6.06 ± 0.97 5.21 ± 0.11

Conductivity
(µs.cm− 1)

60.00 ± 
0.02

65.00 ± 
0.010

101.00 ± 
0.008

54.00 ± 
0.002

57.00 ± 
0.001

61.00 ± 
0.001

Hardness (mg.L− 

1)
35.48 ± 
2.95

53.68 ± 
0.53

36.67 ± 
0.38

65.56 ± 
0.50

34.49 ± 
1.45

39.38 ± 
1.78

Alkalinity (mg.L− 

1)
39.59 ± 
1.51

53.32 ± 
5.35

80.9 ± 
3.75

43.4 ± 5.62 46.00 ± 
6.85

36.35 ± 
3.22

Al (µg.L− 1) 986.83 ± 
237.08 a

840.26 ± 
202.77 a

284.15 ± 
43.32 b

204.13 ± 
57.02 b

289.70 ± 
65.59 b

657.63 ± 
147.69 ab

Cr (µg.L− 1) 0.42 ± 0.08
c

0.83 ± 0.12
b

5.86 ± 
0.11 a

3.58 ± 0.85
a

0.24 ± 0.48
c

0.76 ± 0.05
b

Fe (µg.L− 1) 724.80 ± 
164.01 ab

685.32 ± 
101.35 ab

308.18 ± 
92.52 bc

155.07 ± 
46.09 c

175.32 ± 
48.40 c

900.88 ± 
131.78 a

Mn (µg.L− 1) 75.82 ± 
18.38 a

64.70 ± 
8.43 ab

29.33 ± 
16.05 ab

22.42 ± 
7.97 b

23.83 ± 
8.47 ab

76.18 ± 
17.37 a

Pb (µg.L− 1) 0.002 ± 
0.001 a

0.0002 ± 
0.0001 a

0.0012 ± 
0.001 a

0.00001 ± 
0.0001 a

0.0001 ± 
0.00001 a

0.001 ± 
0.001 a

3.2. Biological indices and sexual maturation
A total of 105 males and 109 females were collected, and no signi�cant differences were found in the sex ratio
of the population (X2 = 0.075; gl = 1; p = 0.78). The average male weight was 9.14 ± 3.81 g, with a variation
between 4.02 and 27.32 g; and the average length was 8.46 ± 1.44 cm, with a variation between 5.1 and 16.6
cm. The average weight of the females was 11.89 ± 6.44 g, with a variation between 4.92 and 40.3 g; and the
average length was 9.27 ± 1.75 cm, with a variation between 7.0 and 17.4 cm.

Males obtained 30% gonadal maturation with 5 cm in length and 50% gonadal maturation with 11 cm in length.
Between obtaining 30% of matured organisms and 50% of matured organisms, male �sh had to grow 35.29% in
relation to their maximum size. Females obtained 40% of gonadal maturation at 7 cm in length and 50% of
gonadal maturation at 11 cm in length. Thus, between 30% and 50% of matured organisms, females needed to
grow 22.22% (Table 6).
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Table 6
Sexual maturation of A. lacustris, exposed to the Doce River mining tailings, in different

length classes (cm). M = frequency of mature individuals in each length.
Size

(cm)

Male   Female

n Immature Mature M (%)   n Immature Mature M (%)

5–6 3 2 1 33.3   0 - - -

6.1-7 8 5 3 37.5   0 - - -

7.1-8 34 22 12 35.3   33 20 13 39.9

8.1-9 28 17 11 39.3   26 15 11 42.3

9.1–10 19 8 11 57.9   22 9 13 59.1

10.1–11 6 3 3 50   15 7 8 53.3

11.1–12 2 1 1 50   8 3 5 62.5

12.1–13 0 - - -   3 0 3 100

13.1–14 0 - - -   2 0 2 100

14.1–15 0 - - -   1 1 0 0.0

15.1–16 0 - - -   0 - - -

16.1–17 1 0 1 100   0 - - -

17.1–18 0 - - -   1 0 1 100

Males had a lower number of gonads at peak maturation (stage 2) in May Jun and Jul Aug, with 0% and 40%,
respectively. Jan Feb showed 100% of gonads at peak maturation, being considered the main months of male
reproduction. Jul Aug and Sep Oct were the only months that presented gonads in the process of total spawning
(stage 4), with 20% and 50%, respectively. Despite this, the same months also showed gonads at peak
maturation (40% and 50%, respectively). Females had a higher reproduction rate in Sep Oct and Nov Dec, with a
greater number of gonads at peak maturation (65% and 45%, respectively), even though they also had partial
spawning gonads (stage 3) (35% and 55%, respectively). In addition, May Jun showed 100% of cells in total
spawning and Jan Feb showed 100% of cells in partial spawning. The main peak of maturation of females
occurred in Sep Oct, despite having cells that matured in other months of the year. This proves the capacity for
intermittent reproduction of the species A. lacustris (Fig. 1a).

The GSI of males and females were proportional over the months. Both had an GSI peak in Sep Oct and lower
levels of GSI in Mar Apr. The GSI of the males showed a signi�cant difference only between Mar Apr and Nov
Dez (p = 0.02). For females, there was a signi�cant difference when comparing the months of Nov Dec with Mar
Apr (p < 0.001) and with May Jun (p = 0.003). Sep Oct also showed a signi�cant difference when compared to
Mar Apr (p < 0.001) and May Jun (p = 0.002). In addition, Jul Aug showed a signi�cant difference when
compared to Mar Apr, with p = 0.015 (Fig. 1b). The Fulton condition factor (K), determinant of body condition or
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wellbeing of the organism, remained constant in both sexes, with K ranging from 1.3 to 1.6 for males and from
1.2 to 1.6 for females (Fig. 1c).

3.3. Concentration of metals in the gonads
Both males and females showed higher concentrations of Al and Fe in their gonads, in relation to Cr, Mn and Pb
(Fig. 2). In relation to Al, Cr, Fe and Pb, males bioaccumulated signi�cantly higher concentrations than females.
When comparing the concentrations between sexes in relation to Al, there was a signi�cant difference in Jan
Feb (p = 0.043) and Sep Oct (p = 0.018). When Al concentrations were analyzed only between males and
females, separately, we found a signi�cant difference for males between May Jun and Sep Oct, with p = 0.006.
Females also showed signi�cant difference between May Jun and Sep Oct with p = 0.016. Cr bioaccumulation
showed a signi�cant difference between sexes in Jan Feb, with p = 0.010, and Sep Oct with p = 0.011. When
comparing the concentrations between males and females separately, there was no signi�cant difference
between the bimesters. Fe showed a signi�cant difference when comparing the concentration between males
and females only in Sep Oct, with p = 0,039. In relation to Mn, a signi�cant difference was observed between the
sexes in Nov Dec (p = 0.004); and, when analyzing the concentrations in males and females separately, the
difference was observed only in males, when comparing Nov Dec with May Jun and Jul Aug (p = 0.044 and p = 
0.032, respectively). Concentrations of Pb, when compared between sexes, showed a signi�cant difference
between Sep Oct, with p = 0.023, and Nov Dec, with p = 0.041. When males and females were compared
separately, there was no signi�cant difference between the bimesters.

Despite having a higher concentration of Al in the gonads, the BCF of the metals followed the following order for
males: Jan Feb (Cr > Pb > Mn > Al > Fe), Mar Apr (Cr > Mn > Al > Fe > Pb), May Jun (Cr > Fe > Mn > Al > Pb), Jul Aug
(Cr > Al > Pb > Mn > Fe), Sep Oct (Cr > Al > Mn > Pb > Fe), and Nov Dec (Cr > Mn > Pb > Al > Fe), being Cr the metal
with the highest BCF (Table 7). For females, the BCF of the metals followed the following order: Jan Feb (Cr > Pb 
> Mn > Al > Fe), Mar Apr (Cr > Mn > Al > Fe > Pb), May Jun (Mn > Cr > Fe > Al > Pb), Jul Aug (Cr > Al > Mn > Pb > Fe),
Sep Oct (Cr > Al > Mn > Pb > Fe), and Nov Dec (Cr > Pb > Mn > Al > Fe). Al presented a BCF with potential
bioaccumulative effects by REACH and TSCA only in Jul Aug (BCF = 2,167.68). On the other hand, Cr had
potentially bioaccumulative BCF in all months, except for May Jun, with BCF = 120. Jan Feb months showed
highly bioaccumulative effects, with BCF = 10,027.23. Fe, Mn and Pb did not present values   considered
potentially bioaccumulative in any of the bimesters, with BCF < 1000.
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Table 7
Bioconcentration factor (BCF) of A. lacustris

exposed to the mining tailings from the Doce River
water along the bimesters. (-) indicates that the

formula could not be applied due to water values < 
LQ.

Sex Bioconcentration factor

Al Cr Fe Mn Pb

Jan Feb          

Male 59 10027 12 141 192

Female 14 1956 2 41 111

Mar Apr          

Male 39 4343 16 62 -

Female 223 5529 205 396 -

May Jun          

Male 25 120 89 85 -

Female 3 13 9 281 -

Jul Aug          

Male 2168 3665 424 51 441

Female 655 261 100 48 256

Sep Out          

Male 743 8907 375 462 -

Female 193 3457 104 137 -

Nov Dec          

Male 119 3306 14 773 463

Female 70 1220 6 71 868

3.4. Histological damage to the gonads
Six types of changes, all classi�ed as deleterious changes (DC), were identi�ed in the �sh collected in the Doce
River. In males, the greatest amount of damage was found in Jul Aug. The invasion of immature cells into the
lumen had a higher prevalence in Jan-Feb, May Jun and Jul Aug (100% each) and lower prevalence in Sep Oct,
with presence of 50% of damage to the organisms. Intersex was present in Jul Aug and Nov Dec, with 20% and
16.66% prevalence, respectively, in the collected organisms. As for the detection of desynchronized maturation
processes in the same gonad, a higher prevalence was detected in Jan Feb, May Jun and Sep Oct (100%), and a
lower prevalence in Nov Dec, with 66.66%.
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In females, atresia had the highest prevalence among the collected �sh. Only Mar Apr and May Jun had a
prevalence of less than 100%, with May Jun having a prevalence of 0%. Hyperplasia had 100% prevalence in
Jan Feb and Nov Dec. Mai Jun also had a prevalence of 0%. Membrane detachment showed a prevalence of
100% only in Jan Feb. May Jun also had a prevalence of 0%, being the months with the lowest rate of gonadal
damage (Table 8).

Table 8
Prevalence (%) of the histopathological changes observed in the A. lacustris gonads exposed to the Doce River
mining tailings. The importance factor is indicated in parentheses in each change. DC = deleterious changes; IS 

= Intersex
Organs Reaction

pattern
Alteration Jan

Feb

Mar

Apr

May
Jun

Jul
Aug

Sep

Oct

Nov

Dec

Testes DC Immature cells invading the
lumen (2)

100 75 100 100 50 83.3

  DC Desynchronized growth (3) 100 75 100 20 100 33.3

  IS Intersex (3) 0 0 0 20 0 16.7

Ovarian DC Atresia (3) 100 85.7 0 100 100 100

  DC Hyperplasia (2) 100 85.7 0 60 90.9 100

  DC Membrane detachment (1) 100 42.9 0 20 54.5 85.7

Regarding semi-quantitative analyses, the same protocol was used to determine the classes of testicular and
ovarian changes. Males showed moderate histological damage (Class 2) in all periods, except in Jul Aug, in
which they presented clear histological damage (Class 3). Females also presented moderate histological
damage (Class 2) in all periods, except for May Jun, in which they presented little histological damage (Class 1),
and Nov Dec, in which they presented clear histological damage (Class 3). When all individuals were analyzed,
without separation by periods, both sexes obtained, on average, moderate levels of histological damage
(Table 8).

Pearson correlation (p < 0.05) was performed in order to identify which metals had direct interference in the
damage levels of males and females and, in a semi-quantitative way, no signi�cant difference was identi�ed
(Table 9).
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Table 9
Histological damage index (qualitative and quantitative), class and Pearson's
correlation (CP) of A. lacustris organisms exposed to the Doce River mining

tailings. The data are presented as mean and standard error. Signi�cant values
are shown in bold.

Sex Index Class N

Qualitative analysis

Male 16 ± 1.68 2 21

Female 17.24 ± 1.45 2 28

Quantitative analysis

Female 23.41 ± 2.75 3 28

Pearson correlation (p < 0,05)

Qualitative analysis

  Al Cr Fe Mn Pb

Male CP = 0.09

p = 0.68

CP = -0.04

p = 0.84

CP = 0.12

p = 0.68

CP = 0.14

p = 0.55

CP = -0.09

p = 0.71

Female CP = -0.003

p = 0.98

CP = 0.15

p = 0.42

CP = 0.02

p = 0.90

CP = -0.10

p = 0.57

CP = 0.20

p = 0.27

Pearson correlation (p < 0,05)

Quantitative analysis

  Al Cr Fe Mn Pb

Female CP = 0.37

p = 0.04

CP = 0.08

p = 0.88

CP = 0.41

p = 0.03

CP = -0.12

p = 0.81

CP = -0.001

p = 1.00

Females were also analyzed quantitatively. When compared, the period with the highest damage rate was Jan
Feb, with 54.62% of damaged cells. This result classi�ed this period as Class 4 of histological damage (severe
changes). The period with the lowest percentage of damage was May Jun, with 0.96% of damaged cells (Class
1). The average rate of damage to the female gonads was 23.41, thus classifying the female gonads as Class 3
of histological damage. When a Pearson correlation was made between metals and quantitative damage
analysis, there was a positive correlation in relation to Al (p = 0.04, CP = 0.37), only.

4. Discussion

4.1. Physicochemical and metal analysis in water
Previous studies, such as the one by Escobar (2015) and Gomes et al. (2019) reported that, due to
anthropological activities on the banks, the Doce River was already polluted before the disaster. Despite this,
Quadra et al. (2019) and Gomes et al (2019) reported increments of Fe, Mn, Al, Cu, and Pb in the Doce River
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shortly after the arrival of the mud from the collapse of the dam. Macêdo et al. (2020) found that the metals
found in the highest concentrations in the Doce River’s water 32 months after the disaster were Al and Fe. The
results obtained in the water analysis of the present study (32–44 months after the disaster) corroborate with
what was obtained by Macêdo et al. (2020), since the most abundant metals in the assessment carried out in
this study were also Al and Fe. Even four years after the disaster, the results show that Al remains above the
maximum limits allowed by Brazilian law (National Environmental Council, Resolution 357/2005) and by USEPA
(1998). The results obtained in the analysis of the gonads corroborated, partially, the results obtained in the
water analysis, with Al being the metals with the highest concentrations.

4 .2. Biological Indices And Sexual Maturation
According to Vicentini and Araújo (2003), the sex ratio between individuals is basic information for the
reproductive potential, providing important data about the dynamics and population structure of a species.
Súarez et al. (2017), studying A. lacustris in the Pantanal, Brazil, reported higher proportions of females and
attributed this to differences in the proportion of birth, mortality and growth; in addition to the need for rapid
population growth, as a compensatory response to predation. According to Vicentini and Araújo (2003), another
factor that can in�uence the proportion between males and females is the availability of food. Súarez et al.
(2017) also reported that the imbalance in the proportion of males and females is unfavorable for natural
selection in the environment. Contrary to the �ndings by Súarez et al. (2017) with A. lacustris, the present study
revealed a balanced proportion between males and females in the population of the lower Doce River, which is a
bene�cial factor for the reproduction of this population.

The onset of sexual maturity is an important component in the population dynamics of �sh (Köster et al. 2013,
Súarez et al. 2017). This study was not designed to estimate the age of the �rst sexual maturation of the
population of A. lacustris from the lower Doce River; but, when analyzing the data obtained, we found an
alarming result (Table 10).
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Table 10
Necessary proportional growth (CN in %) for males and females of different species of the Astyanax genus,

from 30–40% of mature individuals (L30 for males and L40 for females) to 50% of mature individuals (L50).
TM = maximum population size

Specie Local Male   Female Reference

TM

(cm)

L30
(cm)

L50
(cm)

CN

(%)

  TM

(cm)

L40

(cm)

L50

(cm)

CN

(%)

A. lacustris Doce
River,
Brazil

17 5 11 35.29   18 7 11 22.22 Present
study

A. lacustris Paraguai
River,
Brazil

7 2.1 3.1 14.28   7 2.8 3.1 4.28 Súarez et
al. (2017)

A.
intermedius

E. M.
Atlântica
Park,
Brazil

9 3.6 3.9 3.33   9 4.3 4.4 1.11 Souza et
al. (2015)

A.
bifasciatus

Iguaçu
River,
Brazil

12 2.9 3.6 5.83   12 4 4.6 5 Oliveira et
al. (2019)

A. henseli Dos
Sinos
River,
Brazil

14 6.5 6.9 2.86   14 5.5 6 3.57 Dala-
Corte e
Azevedo
(2010)

Studying a smaller population of A. lacustris (maximum size = 7 cm for males and females), Súarez et al (2017)
reported male individuals with 30% gonadal maturation at 2.1 cm in length and 50% at 3.1 cm in length. The
difference between 30 and 50% of matured individuals was only 1 cm (growth = 14.28%). On the other hand, the
males in the present study needed to grow 6 cm (35.29% of the maximum size), so that 30% of individuals with
gonads passed to 50%. Oliveira et al. (2019) reported that the population of A. bifasciatus in the lower Iguaçu
River basin needed to grow 0.7 cm to pass from 30 to 50% of mature individuals, a growth of 5.83%. Dala-Corte
and Azevedo (2010) reported an even lower percentage of growth (2.86%) in A. henseli, with a difference
between 30 and 50% of individuals with gonads of only 0.4 cm.

For females, the results are even more alarming (Table 10). Other studies with species of the genus Astyanax
observed a much lower need for proportional growth (1.11-5%) than that obtained in the present study, in order
to increase from 40% of individuals with gonads to 50% (Souza et al. 2015, Dala-Corte and Azevedo 2010, and
Oliveira et al. 2019, respectively). For the population of A. lacustris in the Pantanal, it was necessary to increase
0.3 cm (4.28% of the maximum size) to pass from 40% of individuals with gonads to 50% (Súarez et al., 2017).
A. lacustris females from the lower Doce River needed to grow 22.22% to increase from 40% of individuals with
gonads to 50%. Only one female was collected with a length between 14 and 15 cm, and it did not have evident
gonads. This latency in the formation of gonads is a strong indication of a disruption in the reproductive biology
of the population of A. lacustris from the lower Doce River and deserves to be the target of future investigations.
Previous studies have reported that chronic exposure to metals, such as Al, can cause a delay in the sexual
maturation of �sh, as well as increased spermatogonia and spermatocytes and a signi�cant decrease in
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spermatids and spermatozoa (Paschoalini et al., 2019). In fact, Chaube et al. (2010) demonstrated that metals
are able to bind to androgen and progesterone receptors changing their functions.

Another factor observed is that A. lacustris individuals from the lower Doce River showed a size greater than
60% of the maximum size for 50% of the population to have gonads (male = 64% and female = 61%). The
population of A. lacustris of the Paraguay River has 50% of individuals with gonads with 44.28% of the
maximum size, for both males and females.

The reproduction peak found in this study was in Sep Oct for females and Jan Feb for males during the rainy
season in the region. Species of the Astyanax genus usually have a seasonal breeding strategy, increasing in the
rainy season, between spring and summer (Dala-Corte and Azevedo 2010). Gurgel et al. (2004) and Araújo et al.
(2019) reported the same reproductive peak in the summer, coinciding with rainy peaks in the region. These
results corroborate the results obtained in the present study. Súarez et al. (2017) also found this increase in the
periods from Nov Dec to Jan Feb, and reported that both the increase in rain and temperature create more
favorable conditions for the development and feeding of juveniles (Oliveira et al. 2010). In addition, the high
volume and high water�ow found at UHE Mascarenhas may in�uence the increase in reproduction during the
rainy season as a strategy to maximize the �tness of A. lacustris.

Although the present study found a higher percentage of gonads with reproductive capacity in the rainy season,
the other periods also showed matured gonads in a lower percentage, which indicates multiple reproduction.
Souza et al. (2015) suggest that this fragmented reproduction strategy may be associated with the
unpredictable nature of the region's conditions, a reality observed at UHE Mascarenhas due to the high volume
of water released in the region. Súarez et al. (2017) raise the hypothesis that the hydrological unpredictability of
the breeding regions of Astyanax species leads to the evolution of different reproductive strategies for the
species of the genus. Some populations use total reproduction as a strategy to maximize �tness, such as the
population of A. lacustris in the upper Paraná River basin. Other populations –such as A. bimaculatus, studied
by Araújo et al. (2019)– presented results, similar to the present study, in a reservoir in Paraíba do Sul in
southeastern Brazil. Araújo et al. (2019) justify this behavior as a way of reducing juvenile predation and
competition for food and shelter. With multiple reproduction, different niches are occupied and this leads to less
competition among adults for spawning sites and, among larvae, for food resources.

4.3. Concentration of metals in the gonads
Through a study done with Barbus grypus, Barbus sharpeyi and Cyprinus carpio, Alhashemi et al. (2012)
concluded that sex is an important factor and that it can interfere with the bioaccumulation of metals in �sh. In
B. grypus and B. sharpeyi, a greater bioaccumulation of metals was observed in females when compared to
males. However, in C. carpio, males showed greater bioaccumulation of metals when compared to females. This
result corroborates with the ones observed in the present study since, in relation to Al, Cr, Fe and Pb, males
bioaccumulated signi�cantly higher concentrations than females. The other metals showed no signi�cant
difference in relation to the sex of the individuals.

According to Passos et al. (2020), the lower Doce River is a region that has frequent resuspension events that
can make elements, previously sedimented, available again in the water column. Silva et al. (2010) stated that
the period from October to March had the highest rainfall. Thus, the metals considered the most abundant in the
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lower Doce River region (Al and Fe) would become available and toxic during such resuspension events. Passos
et al. (2020) reported high concentrations of Fe in the elutriate and sediment of the Doce River in November
2018, with an average of 590 µg.L− 1 and 26.04 mg.kg− 1, respectively. This corroborates the result found in the
present study, which showed a higher concentration of Fe in the gonads of males in Sep Oct.

In freshwater �sh, Al is known to affect their reproduction, as in the case of Oncorhhynchus mykiss (Hwang et
al. 2000), due to a directly proportional reduction in vitellogenesis. In addition, acidi�ed water, result of high
concentrations of Al (Hwang et al. 2000 and Correia et al. 2010), is known to impair �sh reproduction by
affecting fertility, egg viability, spawning success, gonadal development, and production of gametes. These
effects have serious consequences for �sh populations exposed to Al (Correia et al. 2010). Passos et al. (2020)
state that, in addition to Al, Fe also causes deleterious effects in �sh exposed to the metal, which can lead to
increased mortality and histopathological changes in liver cells. When compared to the results of the present
study, it is concluded that, in addition to histopathologies in liver cells, Fe may also be responsible for
histopathologies in gonadal cells.

Although Al and Fe showed higher concentrations in the gonads of the organisms, Cr presented a greater
bioaccumulative effect in relation to other metals when BCF was calculated. Despite being an essential metal,
Cr – in its hexavalent form, which normally corresponds to a fraction of the total Cr found in water (Campagna
et al. 2013)– is considered mutagenic, carcinogenic and has several harmful impacts on biota (Bakshi and
Panigrahi 2018). Bakshi and Panigrahi (2018) revealed that Cr can affect the behavioral, histological,
biochemical, genetic, and immunological conditions of organisms; thus, it can be concluded that, although the
concentration of Cr in the gonads was low, its potential for bioconcentration and contamination can lead to
changes in the �sh exposed to it.

4.4. Histological damage to the gonads
Among the histopathologies observed in the testicles of Clarias gariepinus exposed to xenobiotics, there is the
release of immature cells into the lumen (Agbohessi et al. 2015). Da Cuña et al. (2013) also reported similar
changes in Cichlasoma dimerus males exposed to an insecticide. The release of immature cells into the lumen
is indicative of de�ciency in spermatogenesis and, possibly, testicular functionality (Da Cuña et al 2011). Both
the studies by Agbohessi et al. (2015) and Da Cuña et al. (2011; 2013) corroborate the results obtained in this
study, which observed the release of immature cells into the lumen in the testicles of A. lacustris in greater
quantity (47.36%) when compared to other histological damages found. The presence of testicular oocytes,
found in a smaller quantity, is of great concern in the reproductive biology of A. lacustris. In dioecious �sh, the
presence of intersex is considered a signature of exposure to xenobiotics (Luzio et al. 2016). Although the
genotype of intersex �sh had not been determined, the macro and microscopic aspects of their gonads
indicated that the individuals were male (Prado et al. 2011). Intersex gonads have been found in several studies
carried out in rivers contaminated with xenobiotics in North America (Fossi et al. 2004), England (Hinck et al.
2009) and in the Mediterranean Sea (Jobling et al. 2009). Prado et al. (2011) conducted a study with Astyanax
fasciatus in a reservoir in southeastern Brazil and, comparing the results obtained, this study found few
individuals with the presence of gonads in intersex. Prado et al. (2011) reported a high prevalence of intersex in
the studied organisms and suggested a high risk of contamination by xenobiotics at the collection sites.
Although the prevalence in this study was lower, the presence of �sh with intersex can directly impact the
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development and reproduction of offspring and, consequently, the population of A. lacustris in the lower Doce
River can be affected in the long term (Prado et al. 2011).

According to Dyer (2007), metals can act as xenobiotics in exposed organisms through speci�c high-a�nity
pathways, such as, for example, the interaction with estrogen receptors. In a study by Luzio et al. (2016) with
Danio rerio, the authors emphasize that exposure to xenobiotics can delay the development of oocytes, inducing
them to death and potentially reducing the individual's reproductive success. Luzio et al. (2016) found a
signi�cant number of atretic oocytes and considered it the major responsible for the increase in the damage rate
in the collected female gonads. Atresia is a degenerative and resorption process that occurs, both naturally and
under conditions of environmental contamination (Weber et al. 2003). The results obtained by Luzio et al.
(2016) corroborate the results found in the present study. Oocyte atresia was the most frequently damage found
in the female organisms studied, with a prevalence of 39.64% in relation to the other histological damages
analyzed. Studies with Pimephales promelas (Kidd et al. 2007) and Chalcalburnus tarichi (Kaptaner and Ünal
2011) also obtained similar results, with a high rate of atresia in organisms exposed to xenobiotics.

Cardoso et al. (2018) performed an experiment with Danio rerio females in order to con�rm the applicability of
the semi-quantitative method of counting in female gonads. Despite correctly establishing the stage of gonadal
maturation, Cardoso et al (2017, 2018) concluded that, if the objective was to obtain a general classi�cation of
maturation or some differences between treatments, the semi-quantitative method is considered appropriate;
however, if the objective of the work is to explore in detail the structural components of the gonads (such as
primary, cortical, vitellogenic, and previtellogenic oocytes), the recommended method is the quantitative one.
The present study con�rms this statement since the stages of gonadal maturation of males and females were
successfully determined by the semi-quantitative method. Nonetheless, when a more detailed analysis of
female gonads was made using the quantitative method, the correlation between histological damage and the
concentration Al and Fe was signi�cantly positive. The qualitative method did not obtain any signi�cant results
in relation to metals. Moreover, when the results were classi�ed into levels of histological damage, the semi-
quantitative method classi�ed females classi�ed as Class 2 of histological damage with moderate changes. On
the other hand, the quantitative methodology classi�ed females as Class 3 of histological damage with clear
alterations in the tissue of the organ. Thus, it is concluded that the method of quantitative determination of
histological damage in female gonads from A. lacustris is more recommended than the semi-quantitative
method.

5. Conclusions
The environmental disaster caused by the rupture of the Fundão dam raised the concentration of metals in the
water, such as Al and Fe, of the affected region, a scenario that persists until today, as observed in the present
study and previous ones. The population of A. lacustris from the lower Doce River shows obvious deleterious
effects on the gonads as: 1) latency formation; 2) high concentrations of Al and Fe; and 3) clear histological
alterations, such as the presence atresia, hyperplasia and the invasion of immature cells into the lumen. In
females, there is a positive correlation between the concentration of Al in the gonads and the histological
damage index estimated by the quantitative method. Our results allow us to predict that the permanence of high
concentrations of metals (ex: Cr, Fe and Al) in the water of the lower Doce River will continue to subject the
population of A. lacustris to harmful effects on the gonads. This long-term scenario may further compromise
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the reproductive success of this population and, consequently, of other species that are in a higher level in the
trophic chain.
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Figure 1

Annual distribution of a) relative frequency of different stages of ovarian and testicular maturation; b)
gonadosomatic index and c) Fulton condition factor of A. lacustris exposed to the Doce River mining tailings.
Lower-case letters indicate a signi�cant difference between bimonths in relation to males and upper-case letters
indicate a signi�cant difference between bimonths and females. Values are represented in mean and standard
error
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Figure 2

Concentration of metals in the gonads of individuals from A. lacustris exposed to mining waste from the Doce
River. Values are represented in mean and standard error. Capital letters represent a signi�cant difference in the
bioaccumulation of metals, in males, in relation to periods. The lower-case letters represent a signi�cant
difference in the bioaccumulation of metals, in females, in relation to the periods. Asterisks (*) represent a
signi�cant difference in the bioaccumulation of metals between males and females


