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Abstract
A hallmark of biological invasion is the rapid reproduction of invasive species. However, we still do not have an adequate 
understanding of how fluctuations in environmental factors affect the reproduction of invasive species, particularly in 
estuarine habitats. In this study, we evaluated the reproduction of the Gulf toadfish Opsanus beta and its relationships 
with temperature and rainfall in the Paranaguá estuary, a subtropical region in southern Brazil. This species was likely 
introduced into the Brazilian ecosystems through the discharge of ballast water. Since invasion, which was first reported 
in port areas, the species has rapidly spread along the Brazilian coast line. We collected specimens monthly from October 
2011 to September 2012 and from October 2019 to September 2020, to give us insight into the seasonal and temporal 
changes in the reproduction of this species. We found that O. beta population uses the estuary throughout its life cycle, 
including during spawning. Females and males spawned throughout almost the entire sampling period and spawning 
was specified as partially. Peak reproductive activity occurred in periods of lower temperature and was also related to 
rain. The length of first maturation in females (10cm) was considered early, indicating reproductive activity in smaller 
individuals. Our results demonstrate that the reproductive strategy used by the invasive species supports its ability to 
successfully colonize new environments.
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1 Introduction

Biological invasions are one of the main threats to the world’s biodiversity [1]. In the aquatic environment, invasive species 
can affect biodiversity [2, 3] due to the absence of predators, the ability to adapt to the new location, and interfere with the 
economy, by negatively influencing the fishing and aquaculture activities and increasing health risks [3, 4]. Therefore, we need 
to better understand the biological processes that support the success of invasive species in colonizing new habitats in order 
to design effective conservation strategies to protect native species and for better management of ecosystem functions [5, 6].
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Reproduction is one of the main biological processes that can ensure the establishment and maintenance of exotic species 
in an unfamiliar environment. In fish, reproduction is linked to environmental factors [7], and requires a variation in some 
specific environmental factors for the initiation (environmental triggers) and development of the gonads [8]. Moreover, for 
a given species to achieve reproductive success, reproduction must occur under favorable environmental conditions for the 
development of larvae and alevins. Thus, invasive fish species have to rapidly adapt their reproductive signals and timing to 
the environmental fluctuations of the new environment in order to successfully colonize the new habitat.

An emerging threat to tropical and subtropical estuarine ecosystems in Brazil is the invasion of Opsanus beta (Goode and 
Bean, 1880). Opsanus beta has its natural distribution in the western Central Atlantic, and from the Gulf of Mexico to Palm 
Beach, Florida [9–11]. The species was reported on the southeastern and southern coast of Brazil, in the port areas of Santos 
(state of São Paulo, southeastern Brazil) in 2005 [12], Paranaguá (state of Paraná, southern Brazil) in 2007 [13], Guanabara 
Bay (state of Rio de Janeiro, southeastern Brazil) in 2017 [14], in Sepetiba Bay (state of Rio de Janeiro, southeastern Brazil) in 
2018 [15] and in the non-port area of Guaratuba Bay (state of Paraná, southern Brazil) in 2020 [16]. Given that 95% of foreign 
trade in Brazil is carried out through maritime transport, there is a high probability that the introduction of O. beta occurred 
through the release of ballast water [17].

In Brazil, there is detailed information on the distribution of this invasive species, however, information on the impacts 
caused by this species is limited [18]. Nevertheless, from the first report in 2005 of this species in Brazil, there is evidence of 
geographical expansion, usually occurring in shipping port related regions, while more recent observations in a non-port 
area reflect the ability of the invasive species to disperse. This temporal expansion suggests that O. beta has successfully 
invaded the new habitat and is expanding and potentially threating the homeostasis of estuarine and non-estuarine habitats 
in the Brazilian coast. A main factor underpinning this invasion is likely the ability of O. beta to reproduce successfully across 
seasons, although evidence of this reproductive process remains allusive.

To address this we characterized the reproductive patterns of O. beta in subtropical estuaries to better understand its 
impact on the functioning of the estuarine ecosystem, which is a nursery for marine biodiversity [19]. Furthermore, in the 
Paranaguá Estuarine Complex (where this study was carried out), different species of interest for fishing use estuaries in one 
or more phases of their life cycle and, therefore, any impact of invasive species can influence fishing. We evaluated O. beta 
reproductive patterns across two time series to ensure that our analyses were robust and captured the true reproductive 
dynamics of this species. This is because after analyzing the first sampling period, we found that some parameters, such as the 
length of first maturation and the period of recruitment, were biased by the small number of young individuals (1.4% of the 
total, all males). By sampling a second time, it was possible to verify and validate our observations at a second point in time, 
corroborating the variation in reproductive tactics over 7 years. Across our experiments, we found that O. beta reproduction 
patterns were associated with the seasonal variation of environmental factors across two time series.

The invasion of O. beta into the estuarine ecosystem likely results in negative impacts to estuarine functioning, such as 
loss of biodiversity due to overlapping niches, increased inter- and intraspecific competition, as well as a decline in fishing 
yields, which can directly affect communities local and leading to socioeconomic impacts in the region. Our results show 
the reproductive patterns of an important estuary invasive species, which can spread due to human activities and colonize 
new environments.

2  Material and methods

2.1  Study area

The study was carried out in the Paranaguá Estuarine Complex, comprised of the bays in Paranaguá and Antonina 
(east–west axis), Guaraqueçaba, Pinheiros and Laranjeiras bay (north–south axis) [20], located on the coast of the 
state of Paraná, in southern Brazil (Fig. 1). The climate in the region is mesothermal humid subtropical, according to 
the Köppen classification system, which includes hot summers and without a well-defined dry season. The average 
temperature in summer is above 22 ℃ while in winter the average is below 18 ℃ [21]. The rainy season corresponds 
to spring and summer months (from October to March), while the dry season occurs during the autumn and winter 
(from April to September) [20], with an annual average of 2500 mm of rain [22]. The rainiest period (summer) can 
accumulate precipitation levels between 900 and 1000 mm. While the driest period (winter) can accumulate precipi-
tation levels between 300 and 400 mm [23].

Samples were collected monthly during two periods. The first period was from October 2011 to September 2012 
and the second from October 2019 to September 2020. Specimens were captured with longlines in the first series 



Vol.:(0123456789)

Discover Environment             (2024) 2:7  | https://doi.org/10.1007/s44274-024-00034-4 Research

and manually at low tide in the second time series. It is important to note that the locations sampled in each col-
lection period are close together (less than 10 km) and under the same environmental conditions [23]. There are no 
differences between salinity, pH, dissolved oxygen, temperature and precipitation. Reproductive analyzes included 
maturation curve, frequency of gonadal development (monthly and seasonal), total and somatic condition factors, 
and length at first maturation.

2.2  Data collection

Specimens were obtained through catches made by local fishermen. The collections were conducted monthly, over 
a period of 1 year, and in each period the fishing gear used was different. The specimens sampled from October 2011 
to September 2012 were obtained using longlines on a rocky bottom, and the specimens gathered from October 
2019 to September 2020 were obtained manually, at low tide. The use of different equipment allowed for an evalu-
ation of the entire population being studied.

After collection, specimens were cooled on ice and transported to the laboratory for analysis. License for collection 
and transport nº 14683-4, issued by the Chico Mendes Institute for Biodiversity Conservation (ICMBio)—Biodiversity 
Authorization and Information System (SISBIO). In the laboratory, the specimens were identified according to the 
descriptions by Collette [11] and Caires et al. [13]. Each specimen had morphometric data of total length (cm) and 
total weight (g) recorded. Subsequently, gonads were removed, weighed (g) and identified macroscopically for 
sex and gonadal development. Some gonads were destined for the routine histological process. The gonads were 
fixed in ALFAC for 18 h, embedded in paraffin and stained with Hematoxylin–Eosin (HE), and processed according 
to Fávaro and Oliveira [24].

Tissues were analyzed with histology under a light microscope to correct the macroscopic analysis of sex and 
determine the stages of gonadal development, when necessary. Analyzes of gonadal development were carried out 
based on studies by Vazzoler [25], Brown-Peterson et al. [26], on the ovarian maturity scale proposed by Lowerre-
Barbieri et al. [27]and in the testicular maturity scale proposed by Gomes and Araújo [28]. Abiotic precipitation and 
temperature data for the sampled periods were obtained from the Paraná Meteorological System (SIMEPAR).

2.3  Data analysis

2.3.1  Maturation curve and frequency of gonadal development stages

The data obtained were analyzed in the same way for both time series. The reproductive period of the species was 
initially characterized by the maturation curve, for separate sexes, and later corroborated by other reproductive analy-
ses. To create the maturation curve, the individual Gonadal-Somatic Index (GSI) was determined, calculated using 
the formula GSI = (Wg/Wt) × 100; Wg representing the weight of the gonad, and Wt referring to the total weight of 
the fish. From the individual GSI, the average monthly GSI was calculated to create the gonadal maturation curve. We 

Fig.1  Map of the estuarine 
complex in Paranaguá, on the 
northern shore of the State 
of Paraná, Brazil, locating the 
sampling sites. The ccircle 
with a dotted line in red refers 
to the collections during the 
years 2011/2012 and the circle 
with a solid line in blue refers 
to the collections during the 
years 2019/2020. The Location 
of the Port of Paranaguá refers 
to the yellow star
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used a linear model with GSI as the response variable and the linear and quadratic effect of month, seasonality and 
sex (and their interactions) as explanatory variables. GSI values were log-transformed to improve model fit. P values 
were obtained with ANOVA function, with a significance threshold of 0.05. The frequency of gonadal development, 
throughout the monthly distribution for both sexes, stages and the classification of spawning type were done using 
histological analysis of the gonads.

2.3.2  Energy allocation

To verify the allocation of energy in the reproductive process, the weight-length ratio was initially determined using 
the expression Wt = aLt b (least squares method). The value of “a” that corresponds to the linear coefficient and the 
value of “b” that corresponds to the angular coefficient [29]. Subsequently, the monthly means of the total (K) and 
somatic (K’) condition factors were calculated separately for each gender, using the following formulas: K = Wt/Lt 
b and K’ = Wc/Lt b, where Wt = total weight, Lt = total length, Wc = body weight (Wc = Wt-Wg, where Wg = gonadal 
weight), b = angular coefficient obtained from the weight-length ratio. The result of this analysis was obtained accord-
ing to the spacing of the K and K’ curves, the greater the distance between the curves, the greater the energy con-
sumed in order to reach maturation and development of the gonads. For this reason, immature individuals were 
excluded from the analysis, to avoid data masking.

2.3.3  Length of the first maturation

The length at first sexual maturation was determined using the curve that relates to the relative frequency of adult 
individuals to the midpoint of the length classes (established using the Sturges Postulate), adjusted by the equation: 
Fr = 1–(e –aLmb) where: Fr is the relative frequency of adult individuals, “ e” is the base of the Napierian logarithm. “A” 
and “b” are the linear and angular coefficients estimated by the method of least squares [29] and applied in the lin-
ear relation obtained by transforming the variables involved. “Lm” is represented as the midpoint of the total length 
classes. Due to the low frequency and abundance of young specimens obtained from October 2011 to September 
2012, it was not possible to determine the length at first maturation for either sex. Thus, this analysis was performed 
only for specimens obtained in the 2019–2020 time series, for both sexes.

To evaluate the variation in temperature and precipitation and their possible relationships with the reproductive 
process, in the two-time series, we tested the differences of these environmental factors between seasons, using 
the Kruskal–Wallis test with a significance limit of 0.05. Seasons were considered as: Spring (October to December), 
Summer (January to March), Autumn (April to June) and Winter (July to September).

3  Results

Based on the morphological data obtained in both sampling periods and across months, our results indicate that the 
population is composed of both young and adult individuals which use the area of the Paranaguá estuarine complex 
during all months of the year. In the period from 2011–2012, 440 individuals were analyzed, 147 females (33.5%) 
and 293 males (66.5%). Total lengths ranged from 6.5 cm to 28.5 cm for females, and 6.6 cm to 32 cm for males. In 
the 2019–2020 time series, 365 individuals were analyzed, 162 females (44.4%) and 203 males (55.6%). There was a 
range in total length from 6.2 cm to 29 cm in the female population, and from 5.2 cm to 28.8 cm for the males. The 
abundance of young individuals (immature gonads) was reduced in the period from 2011–2012 (1.4% of the total) 
and abundant in the years from 2019–2020 (47% of the total).

Microscopic analysis of the gonads showed five stages of ovarian development: Immature (A), in development (B), 
capable of spawning (C), partially spawned (PS) and spawned (S). In addition, five stages of testicular development were 
categorized: Immature (A), developing (B), able to sperm (C), partially emptied (PE) and emptied (E). The observation of 
female and male gonads with a partial release of gametes, the characterization of the partially spawned and partially 
emptied stages for females and males, respectively, allowed for characterizing partial spawning for O. beta (Fig. 2).

There were statistically significant interactions between sex, time period, and the linear or quadratic effect of month 
(Sex:Year:month:  F1,732 = 10.533; p = 0.001; Sex:Year:month2:  F1,732 = 7.224; p = 0.007) (Supplements 1). This suggests that 
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the linear and quadratic fluctuations of IGS varied between sexes and between sampling time periods. This was evident 
from the sexual maturation curves, which showed a trend of synchronized gonadal development between the sexes 
but which was highly variable (Fig. 3). The highest IGS values were observed in the periods from June to November, cor-
responding to the occurrence of a greater number of individuals with gonads capable of spawning/spermiation (C) and 
partially spawned (PS) and partially emptied (PE) for the two analyzed periods (Fig. 4).

We found that the abundance of young specimens in our monthly and seasonal analyses of gonadal development 
stages (Figs. 4 and 5), obtained in the period 2019/2020. We also found that individuals capable of reproducing occur in 
all seasons, although more predominantly in winter and spring (Fig. 5). The data showed that in Autumn, the abundance 
of individuals with gonads capable of reproducing was greater in the period 2019/2020 than in the first time series of 
2011–2012. This can potentially indicate that reproductive activity, despite occurring in autumn in both series analyzed, 
was more intense in the period of 2019/2020, further into the invasion process. The recruitment peak occurred in spring 
and summer, coinciding with the most intense end of the reproductive period (Fig. 5c, d).

The period of greater energy investment in the reproductive process was evidenced by the greater distances between 
the total condition (K) and somatic (K’) factor curves (Fig. 6). More energy consumption was detected in females, in 
the two periods sampled, from June to January, coinciding with the highest frequencies and abundances of ovaries in 

Fig. 2  Histological section 
of O. beta gonads, captured 
in the Paranaguá estuarine 
complex. A Ovary capable of 
spawning with hyalinized fol-
licles (*); B Partially spawned 
ovary with post-ovulatory 
follicles (POF); C Testis able 
to sperm with seminifer-
ous tubules filled almost 
exclusively with spermatozoa 
(white arrow); D Partially 
emptied testis, seminiferous 
tubules with decreased sperm 
count and presence of empty 
spaces (black arrows)
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the spawning stage. O. beta males allocated a greater consumption of energy during the development of the testes, 
throughout the year.

Fig. 3  Maturation curves of females and males of O. beta, captured in the estuarine complex of Paranaguá, southern subtropical region of 
Brazil. A- referring to the 2011/2012 series and B- 2019/2020 series

Fig. 4  Distribution of monthly percentage frequency of the gonadal development stages of O. beta captured in the Paranaguá estuary, sub-
tropical region of Brazil. A- females, B- males collected from the 2011/2012 time series, C- females and D- males from the 2019/2020 time 
series. Stages: A—immature; B—under development; C—able to spawn/spermiate, PS Partially spawned, PE Partially emptied, S spawned 
and E emptied
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The results obtained from the analyzes of the gonadal maturation curve, frequency of gonadal development stages 
(monthly and seasonal) and distribution of the monthly K and K’ values allowed characterizing the occurrence of the 
reproductive period from late autumn to spring in both analyzed periods.

In 2011–2012, the majority of our specimens were adults. Young specimens of both sexes were sampled infrequently. 
They corresponded to 1.4% of the total specimens obtained, not allowing the determination of length at first sexual 
maturation. Thus, the determination of the length at the first maturation  (L50) for females and males of O. beta (Fig. 7) 
was carried out with specimens obtained in the period from 2019–2020, where the frequency and abundance of young 
individuals were satisfactory, corresponding to 47% of the total obtained in the period. The  L50 determined for females 
was 10.0 cm and the L 100 was 17.4 cm. For males, the  L50 corresponded to 14.35 cm and the L 100 was 18.0 cm.

There was a small monthly and seasonal variation in temperature between the time periods. However, precipitation data 
showed more notable montly and seasonal variations. In the 9 months of the 2019/2020 period, precipitation values were 
lower when compared to the 2011/2012 period, corresponding to an 18.5% reduction in total annual precipitation, between 
the two periods analyzed. Specifically, in autumn 2020, precipitation was 59.6% lower than in autumn 2012, a period in which 
a significant difference was detected using the Kruskal–Wallis test (p = 0.049) (Fig. 8, Supplements 2 and 3).This matches 
the earlier onset and peak of reproductive activity inferred from the gonadal analyses (see above), suggesting that O. beta 
reproductive activity is sensitive to environmental fluctuations with respect to rainfall.

Fig. 5  Seasonal percentage frequency distribution of gonadal development stages of O. beta captured in the Paranaguá estuary, subtropi-
cal region of Brazil. A- females, B- males collected from the 2011/2012 time series, C- females and D- males from the 2019/2020 time series. 
Stages: A—immature; B—under development; C—able to spawn/spermiate; PS partially spawned, PE partially emptied, S spawned and E 
emptied
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Fig. 6  Monthly average values of the total (K) and somatic (K’) conditional factors of O. beta captured in the Paranaguá estuary, subtropical 
region of Brazil. A- females, B- males collected from the 2011/2012 time series, C- females and D- males from the 2019/2020 time series

Fig. 7  First maturation length curve for females and males of O. beta, captured in the 2019/2020 time period from the Paranaguá estuary, 
subtropical region of Brazil
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4  Discussion

Here, we conducted a survey of the population of an invasive species of subtropical estuaries to characterize their 
reproductive biology in early and later stages of biological invasion. We sampled monthly, in two time periods 7 years 
apart, and with different capturing techniques to gain distinct length structure for the same population of O. beta. 
As a result of this, smaller individuals were captured in greater numbers in the 2019–2020 time period, allowing to 
achieve results that had not been obtained with the collections conducted from the first collection in 2011–2012. The 
use of specimens obtained from different extraction techniques does not make the reproductive analyzes unfeasible 
and provides a positive aspect pertaining to the analyzes by including a portion of the population that would not 
be normally analyzed if only one fishing extraction technique was used. Various authors have employed different 
fish extraction techniques to overcome the selectivity of fishing gear and cover all length ranges of the population. 
Sometimes, different fishing gears have been used at different times and in different locations [30–33]. The 2019–2020 
sampling was more extensive, and allowed us to estimate parameters such as length of maturation, which gives us 
a more granular understanding of the reproductive dynamics of the population.

Our histological analysis of gonadal development agrees with the maturity scales already established for other 
species in studies carried out in a subtropical estuary in southern Brazil [34–37], which were based on, and adapted 
from studies carried out by Vazzoler [25] and by Brown-Peterson et al. [26]. The characterization of a batch spawning 
for O. beta, in the analyzed estuary, was made possible through microscopic observations of the partially depleted 
ovaries and testes. The same type of spawning was observed for the species in the natural distribution area [9, 38, 
39] and recorded for the congener species O. tau [40–42]. This suggests that our findings are in broad agreement 
with the findings of other species in the literature, corroborating the validity of our findings.

The maturation curve of females and males showed a graphic difference between the analyzed periods, which 
showed a drop in GSI values in the winter months of 2020, due to the greater number of young individuals obtained. 
For this reason, it was necessary to complement our analysis of the maturation curve to determine the reproductive 
period of a species. The reproductive period was established by the higher frequencies of specimens with gonads 
capable of spawning/emptying (stage C) and partially exhausted gonads (stages PS/PE). Comparing time series, we 
found that the reproductive period occurred in the winter and spring months in 2011–2012. However, in 2019–2020 
the reproductive period came earlier, starting in late autumn with a high frequency of individuals capable of spawn-
ing/emptying, and extending throughout the winter and part of the spring. This was in agreement with the significant 
reduction in rainfall for the autumn in 2019–2020 compared with 2011–2012, indicating that reproductive activity 
may be dependent on raifall in this species. Despite the earlier reproductive period from 2019–2020, the duration 
of the reproductive period was the same during the 2011–2012 time period. This result demonstrates that the 

Fig. 8  Seasonal variation of 
temperature (a) and precipita-
tion (b) values assessed by 
Kruskal–Wallis test with a 
significance threshold of 0.05
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population of the analyzed invasive species is well adapted to the new environment, and able to adjust the repro-
ductive cycle with the abiotic characteristics. This characteristic is necessary for an invasive population to stabilize 
in invaded environments [43, 44].

The small variation observed in the reproductive period, between the analyzed time series, can be explained by 
the variation in precipitation, which showed a significant difference between the autumn seasons of the two-time 
series. Rainfall and changes in abiotic factors can change the pattern of marine or fresh water entering the estuarine 
environment, also interfering with flow. The reduction in precipitation in the 2019/2020 period probably influenced 
other dependent environmental variables, such as salinity and pH balance. When comparing the two-time series, the 
precipitation in autumn of 2020 was reduced by approximately 60% compared to autumn in 2012. It is also important 
to note that autumn is the period of the year where an environmental trigger is likely to occur, which promotes the 
end of gonadal development and the beginning of the reproductive period.

The O. beta population analyzed had a long reproductive period, similar to that recorded by Barimo et al. [39], but 
contradicting to the data recorded by Breder [38] and Franco-Lopez et al. [9]. They reported a restricted reproduc-
tive period in the winter, in an area of natural distribution of the referred species. Otolith analysis from O. beta from 
two Brazilian estuaries [45] found that the Brazilian coastal populations are connected and probably isolated from 
the native Mexican population. In our analyses of K’, it was possible to observe that the highest energy consumption 
destined for the reproductive process coincides with the period with the highest values of average monthly GSI and 
with the reproductive periods in each analyzed time series. This reflects the highest frequencies of individuals with 
gonads able to reproduce and/or that have been partially depleted. A similar result was described by Franco-Lopez 
et al. [9] for the same species in its place of origin.

Determining the length of the first sexual maturation is a biological parameter widely used in fish reproductive 
studies, as it allows for the creation of laws to standardize the sustainable exploitation of the resource (commercial 
species. In addition, it ensures the reproduction of the species, and maintains stock. However, this same parameter 
is important for monitoring exotic species, predicting reproductive potential, and possible damage to the environ-
ment and native species.

Based on the  L50/Lmaximum ratio, the values obtained were 0.34 for females and 0.50 for males of O. beta. Considering 
that the value of the  L50/Lmaximum ratio is between 0.40 and 0.90 for varied species [46], females of O. beta, in the Para-
naguá estuary, were characterized with earlier maturity. This evidence, regarding the first maturation of females, can 
be considered a temporary reproductive tactic used to increase reproductive success in the invaded area. Gertzen 
et al. [47] described the reproductive characteristics and modes of reproduction of three invasive species of Gobiidae 
in native and invaded regions, highlighting interspecific differences. In the same study, it was shown that females 
of one of the species matured at much smaller sizes in the invaded area in the Lower Rhine (Germany) compared to 
other regions.

The multifaceted analysis of reproductive parameters presented here, such as the gonadal maturation curve, fre-
quency distribution of the gonadal development stages, the determination of K and K’, allowed for the characteriza-
tion of the reproductive period of the invasive species O. beta in the estuary. Our data showed that the population 
of Opsanus beta uses the Paranaguá estuary, a subtropical region in the south of Brazil, throughout its life cycle. The 
use of this particular estuary as a reproduction area and spawning site was confirmed by the presence of ovaries with 
hyalinized follicles and post-ovulatory follicles, according to Vazzoler [25] and Dias et al. [48].

Reproduction strategies play an important role in biological invasion processes and help predict future population 
development [47]. The reproductive tactics used by the species include a high frequency of the gonadal development 
in the capable reproduction stage during most of the analyzed period. In addition, a prolonged reproductive period 
in the months of lower temperature (most estuarine species reproduce in periods of higher temperatures—spring 
and summer), partial spawning, and early maturation for females, make it possible to achieve reproductive success 
and remain in the invaded environment. Moreover, our results contributes to our understanding of how invasive spe-
cies can adapt to novel environmental clines, for example, due to climate change, enabling a better understanding 
of the responses of invasive species across different scenarios.
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