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Abstract


Suckermouth armored catfish (Pterygoplichthys disjunctivus) is one of the most widespread invasive species in Vietnam. However, it is relatively unknown how the species underwent its divergent adaptations to varying local conditions and habitat types, an understanding of which is essential for managing its invasion in Vietnam. We addressed this by analyzing a large number of fish (662 samples) collected in lotic (Dinh River) and lentic (Suoi Trau Reservoir) habitats in southern Vietnam during one year. The allometric growth patterns estimated by von Bertalanffy growth functions were     L   t   = 483   1 −   e   − 0.71 ( t − 0.40 )       in Dinh River and     L   t   = 346   1 −   e   − 1.01 ( t − 0.62 )       in Suoi Trau Reservoir. The estimated fish ages were 2.9 to 4.2 years old with an average total length from 206.10 ± 2.09 mm in Suoi Trau Reservoir to 319.22 ± 3.29 mm in Dinh River. The percentage of fish with matured ovaries peaked in August (100%) and was lowest in February (<10%), indicating that these fish breed nearly all year round. The main reproductive season is April–October, with a peak in July–August, as indicated by the gonado-somatic index and monthly changes in the percentage of matured fish. The lengths at 50% maturity were 234.3 and 179.7 mm for females from lotic and lentic habitats, respectively. Lotic fish had a fecundity (4812 ± 383 oocytes/ind.) which was five times greater than that of lentic fish (841 ± 91 oocytes/ind.); however, the relative fecundity of the fish was not statistically different between the two habitats (≈13 oocytes/g). This result was consistent with the larger oocytes: 2.95 ± 0.04 and 2.58 ± 0.01 mm for fish from Dinh River and Suoi Trau Reservoir, respectively. The faster growth and bigger fish with higher fecundity in the lotic habitats suggest that their population growth can accelerate more quickly, potentially affecting local communities more than those in lentic habitats. Our study sheds light on substantial phenotypic divergences in the reproduction and growth of the suckermouth armored catfish between lotic and limnetic habitats in Vietnam.






Keywords:


P. disjunctivus; aquatic invasions; biological invasion; growth; reproduction; invasive fish; Vietnam












1. Introduction


Invasive species have recently been identified as one of five important drivers pushing ~1 million species to the brink of extinction [1]. Thousands of species have been moved from their native habitats, as both the accidental and intended results of human activities, and become invasive species in other regions [2]. Invasive species have had serious consequences for the environment such as altering the abundance and diversity of local communities and the function and ecological services of invaded habitats [3,4,5]. Recently, the invasions have represented one of the most serious threats to freshwater biodiversity [6,7]. In freshwater systems, armored catfishes (Pterygoplichthys), originating from South America, have invaded 55 water bodies in 21 countries in Asia, Europe, Africa and North America [8,9]. For example, species invasions by P. pardalis have caused huge damage to freshwater species diversity in India and the Philippines [8,10]. Pterygoplichthys spp. have long digestive tracks (up to 6 m with Lt = 310 mm, mean = 2.7 m with Lt = 250 mm) [11], which are typical for phytophagous and detritophagous fish [12,13], a broad food spectrum, a fast growth rate and high tolerance to environmental conditions. They outcompete native species for food and habitats [11,14,15,16], and they change the composition, structure, reproduction and function of local freshwater communities [15,17,18,19,20]. Pterygoplichthys are a severe threat to freshwater fisheries in Eurasia, the United States of America [21,22] and Mexico [14,23].



In Vietnam, Pterygoplichthys first appeared in the Dong Nai River system and Tri An Reservoir in 2000 [20] after they escaped from local aquariums. These species spread quickly to other freshwater bodies in Vietnam. Currently, Pterygoplichthys are present in all the main river basins and reservoirs in southern Vietnam [15,17,19,20]. Given that these species are thriving in freshwater habitats in Vietnam, it is supposed that they have undergone locally divergent adaptations by changes in morphology, diet, growth, development and reproduction, the key characteristics for successful invasions [11,20]. A few studies have documented some useful but very limited information on the reproduction of this species in Vietnam. The reproductive biology of Pterygoplichthys spp. was first examined in Dinh River from 2010 to 2012 with only 34 individuals (5 females) in October-December 2010, and 10 individuals (6 females) in January 2012 [24]. The catfishes spawned from October to January and their gonads included different stage oocytes (1–3 mm in diameter). These results did not allow us to overview the reproductive cycle of Pterygoplichthys and how they had acquired different growth and reproductive strategies in various habitats. The data obtained through morphological and molecular-genetic analyses, as well as the assessment of the color patterns of fish, have shown that the Vietnamese reservoirs and rivers are inhabited by armored catfishes of two species: Pterygoplichthys pardalis (Castelnau, 1855) and P. disjunctivus (Weber, 1991). The frequency of P. disjunctivus was about three times greater than that of P. pardalis [20], further challenging the efforts for the conservation and management of freshwater habitats in Vietnam.



In this study, we investigated the growth and reproductive biology of P. disjunctivus in lotic and in lentic habitats in southern Vietnam for one year. We determined the length–weight relationship and growth parameters, male–female distinction, sex ratio, gonadal development stages, spawning season, size at the first sexual maturity, fecundity, and oocyte diameter. By comparing these characteristics of fish in different habitats we highlighted phenotypic divergences of P. disjunctivus. Our results provide an important scientific basis for the management and further control of the spread of this invasive species in Vietnam.




2. Materials and Methods


2.1. Sampling Populations


From March 2019 to February 2020, 4 multi-mesh gillnets (2a = 20 mm × 20 mm) were used to collect P. disjunctivus from one locale each in Dinh River (lotic habitat) and Suoi Trau Reservoir (lentic habitat) in southern Vietnam. These are two typical types of water in which suckermouth armored catfish (P. disjunctivus) have appeared [17,19,20] (Figure 1). Fish were caught from 4 pm to 5 am in the following morning. In total, 325 female and 337 male P. disjunctivus were collected from the two study sites. The location, hydrological measurements and some water quality parameters of the sampling stations are presented in Figure 1 and Table 1. We used Hanna HI 9829 (Hanna, Nușfalău, Romania) and Global Water (Emin, Taiwan) to measure water parameters, and total phosphorus and total nitrogen content were analyzed at the Institute of Oceanography (Nha Trang, Vietnam) by the Kjeldahl method.



Temperature and rainfall data were collected from a meteorology station in Ninh Hoa, a district-level town of Khanh Hoa province in the southern Central Coast region of Vietnam, from January 2019 to January 2020 (Figure 2). Briefly, the temperature varied between 25.2 and 31.4 °C (higher from April to October) and the monthly average rainfall was 0–271.7 mm (higher from September to November).




2.2. Sample Processing and Data Collection


The fish were transported to the laboratory at the Coastal Branch of the Vietnam-Russia Tropical Science and Technology Research Center, Nha Trang City, Khanh Hoa Province, Vietnam. Fish were identified as the P. disjunctivus species based on the descriptions of Armbruster and Page (2006) [25]; P. disjunctivus have blotches and dots on their heads, as well as the majority of the dots on an adult’s abdomen coalescing to produce vermiculations. Total length (Lt) was measured to the nearest 0.1 and 1.0 mm, and total weight (Wt) and weight without internal organs (Wwi) were recorded to the nearest 0.1 g using a precision balance, the SHUN DA Digital Scale SD03-KS (Zhejiang, China). Gonad weight (Wg) was recorded to the nearest 0.01 g using a precision balance, the Electronic Precision Balance (KD-TBED-3000; KENDY, Taiwan), and to the nearest 0.0001 g using an Electronic Balance AX 200, No D 422800034 (Shimadzu, Kyoto, Japan).



Ovary development stages of fishes were determined using methods described by Nikolsky (1963) [26] and King (1995) [27], using a microscope (Olympus, CKX53SF; Tokyo, Japan) at 10× and 4× magnifications. Ovary development stages were recognized macroscopically based on the external morphology of the ovary and microscopically based on the sex cell structure.



The ovary of each gonadal development stage was dissected and fixed in 10% neutral formaldehyde solution for at least 24–48 h for histology. After dehydrating by passing the tissue through a series of alcohol solutions of 70, 85, 95 and 100%, the samples were embedded in paraffin. The histological sections (5–7 µm) were stained with hematoxylin and eosin (H&E) for microscopic examination. The samples were photographically analyzed and documented using a microscope (Olympus, CKX53SF) after the scale was calibrated. Images of histological sections were captured using a microscope (Model CKX53SF) connected to a digital camera (Olympus LC30, Olympus, U-T0.5XC-3, SN 7B02181).



The spawning season was identified as a period with more than 50% of fish having ovaries at stages III, IV and V and a greater GSI being observed [28]. A total of 30 ovaries at stages IV and V were used to estimate fecundity. Ovaries were divided into small portions and weighed (Wsp) and fixed in formalin (~1%). Subsequently, all oocytes in each portion were transferred to a counting chamber and the number of yolked oocytes (Oyolked) and number of all oocytes (Ot) were counted using the naked eye as well as a dissecting microscope Olympus SZR61.



Diameters of these top decile oocytes in the breeding season [29,30] were measured using the Measure Arbitrary Line functions of the LCmicro software (Product Version 2.1, Core Version XV 3.15, Package number 5180, copyright year 2016) after the scale was calibrated. Images of these oocytes were captured at 4× magnification using a microscope (Model CKX53SF) connected to a digital camera (Olympus LC30, Olympus, U-T0.5XC-3, SN 7B02181).




2.3. Data Analyses


Length distribution and length–weight relationship [31]



The relationship between total length and the total weight was calculated for each site using a power regression equation:


  W = a   L   b     e   ε   ,   ε   ~   N ( 0 ,   σ   2   ) ,  



(1)




where:



a is the intercept of the regression or shape coefficient;



b is the allometric or slope parameter [32].



The optimal regression parameters were obtained by minimizing the residual errors using the ordinary least square method [33]. Student’s t-test was utilized to test whether the slope of regression was significantly different from 3, indicating the growth pattern of fish: isometric (b = 3, no change of density and shape as one fish grows), positive allometric (b > 3, the fish becomes relatively stouter or deeper-bodied as it becomes longer) or negative allometric (b < 3, fish becomes slimmer as it grows) [34]. Generally, the allometric coefficient (b) is within the range from 2 to 4 for most fish species [35], and thus this rule of thumb can be used to corroborate the validation of the length and weight relationships of P. disjunctivus in our study. All statistical analyses were performed using R software version 4.0.4 [36] with a significance level (α) equal to 0.05.



The von Bertalanffy growth model (VBGM) was used to describe the growth of P. disjunctivus [37]:


    L   t   =   L   ∞     1 −   e   − K ( t −   t   0   )     ,  



(2)




where     L   t     is the expected or average L at time (or age) t,     L   ∞     is the mean asymptotic L, K is the growth coefficient, expressing the rate (year−1) at which the     L   ∞     is approached and     t   0     is the hypothetical age at which fish L equals zero. While VBGM parameters can be estimated by length (weight)–age approach, the length-based method is the most extensively adopted, especially in tropical and subtropical regions [38]. In this study, length frequency datasets with constant class size (30 mm) were used to obtain the optimal growth parameters (corresponding to the maximum of the goodness of fit index, Rn) using the R software version 3.3.2 (ELEFAN functions in TropFishR package) [39]. The theoretical age (    t   0    ) was determined by the empirical equation of [40]:


    l o g   10     −   t   0     = − 0.392 − 0.275   l o g   10       L   ∞     −   l o g   10   ( K ) ,  



(3)







In order to compare the growth performance of different geographical populations, the growth performance index (GPI) f′ (phi-prime) was calculated using the following formula [41]:


    ∅   ’   =   l o g   10     K   + 2   l o g   10   (   L   ∞   ) ,  



(4)







The potential or expected longevity (tmax) of P. disjunctivus was calculated based on [40] empirical equation:


    t   m a x   =   3   K      



(5)




where tmax is the approximate maximum age of P. disjunctivus at each study site, and K is the growth constant in the von Bertalanffy growth function.



The gonado-somatic index (GSI) was calculated using the formula [9]:


GSI (%) = 100 × Wg/Wwi



(6)







The absolute first-batch fecundity (Fb) was estimated using the following formula [29,30]:


Fb (oocytes/ind.) = (Wg/Wsp) × Oyolked



(7)







The absolute total fecundity (Ft) was estimated using the following formula [42]:


Ft (oocytes/ind.) = (Wg/Wsp) × Ot



(8)







Relative first-batch fecundity (RFb) was calculated using the following formula [29,30]:


RFb (oocytes/g) = Fb/Wwi



(9)







Relative total fecundity (RFt) was calculated using the following formula [42]:


RFt (oocytes/g) = Ft/Wwi



(10)







To describe the reproductive strategy of catfishes, we developed an index of prediction for the number of spawns that was calculated as Fb/Ft (%) = Fb/Ft × 100. If index Fb/Ft = 100%, this shows that the catfish is a single spawner; if index Fb/Ft < 100%, this shows that the catfish is a multiple spawner.



The relationship between total fecundity and the total weight was statically determined using the following formula:


Ft = aWt + b



(11)




where a and b are constant values obtained from the linear model function in RStudio [43].



Similarly, the relationship between fecundity and total length is statically determined using the following formula:


Log(Ft) = aLog(Lt) + b



(12)




where a and b are constant values obtained from the linear model function in RStudio [28].



The fish were considered mature when ovaries were at stages III to V [27]. The size at first sexual maturity of female sucker-mouth catfish was estimated using a logistic regression of the form that was first fitted to the proportion of mature females to estimate size at maturity [27,44]:


y = 1/(1 + exp − (a + b × x),



(13)




in which y is the probability of an individual being mature at determinate; x (total length, mm), a (intercept) and b (slope) are estimated parameters.



Size at the first sexual maturity (    L   50    ) was calculated as the average total length at which 50% of females had matured for each of habitats (Dinh River and Suoi Trau Reservoir) as:


    L   50   = − a / b ,  



(14)







Confidence intervals (2.5% and 97.5%) for estimates of size at maturity were then derived via bootstrapping procedures within SizeMat (N iterations = 1000) [44]. All analyses were done using the SizeMat package (version 0.2.0) within R statistical software (v 3.3.2, R Development Core Team, R Foundation for Statistical Computing) [44].



Sex ratio was determined by the ratio of male and female numbers. Chi-square test (R statistical software) was used to test the difference between the numbers of males and females in the natural population of fish. The Kruskal–Wallis analysis was performed to test the differences in length between males and females and between the fish from the two habitats which were non-normal distribution data. p < 0.05 was considered statistically significant.





3. Results


3.1. Length Frequency Distribution and Age Structure


There was a wide range in the total length of P. disjunctivus in both Dinh River (Lt = 177–451 mm, mean = 310.12 mm, for females; and 183–479, mean = 327.33 mm, for males) and Suoi Trau Reservoir (Lt = 82–313 mm, mean = 200.99 mm, for females; and 88–316 mm, mean = 211.54 mm, for males) (Figure 3 and Table 2).



There was a statistical difference in the mean total length of females and males and between fish from the two habitats (all p values < 0.01, Kruskal–Wallis). Within each habitat, the difference between the total length of females and males was small; females were about ~5% smaller than males, which was consistent within both habitats. However, the difference in the total length of fish between habitats was pronounced; both females and males from Dinh River were about 1.5 times longer than those from Suoi Trau Reservoir (p < 0.01) (Figure 4 and Table 2). The estimated maximum age of fish was 4.2 and 2.9 years for fish from Dinh River (mean Lt = 319.22 ± 3.29 mm) and Suoi Trau Reservoir (mean Lt = 206.10 ± 2.09 mm), respectively.




3.2. The Length–Weight Relationships and Growth Pattern


Length–weight relationships are illustrated in Figure 5 and Table 2:



Males in Dinh River: W = 0.00005 L2.66, R2 = 0.94, n = 190, p~0;



Females in Dinh River: W = 0.000023 L2.82, R2 = 0.93, n = 169, p~0;



Males in Suoi Trau Reservoir: W = 0.000035 L2.70, R2 = 0.93, n = 147, p~0;



Females in Suoi Trau Reservoir: W = 0.000039 L2.70, R2 = 0.94, n = 156, p~0;



All males and females had slope coefficients (b values) smaller than 3 regardless of the habitats (in Dinh River: t = −2.99, df = 167, p = 0.003 for females; and t = −6.94, df = 188, p = 6.16 × 10−11 for males; and in Suoi Trau Reservoir: t = −5.54, df = 154, p = 1.93 × 10−7 for females; and t = −4.76, df = 145, p = 4.6 × 10−6 for males), indicating a negative allometric growth pattern for all individuals from the sampling populations (Table 2).




3.3. Growth Parameters


In Dinh River, fish had     L   ∞     = 483 mm, K = 0.71,     t   0     = 0.40,     ∅   ’     = 5.22 and Rn = 0.366. For those from Suoi Trau Reservoir, they had     L   ∞     = 346 mm, K = 1.01,     t   0     = 0.62,     ∅   ’     = 5.08 and Rn = 0.598.




3.4. Sex Ratio


Morphology analysis of the gonads of these fish indicated that the sex of small fish (82 mm in length, 4.1 g in weight) could be determined using the naked eye. In both habitats, the ratio of armored catfish males and females was 1:1 (1.12:1 in Dinh River and 0.96:1 in Suoi Trau; p > 0.05). There was no significant difference in the ratio of males and females between the two water bodies (0.53; 0.49; p > 0.05).




3.5. Gonadal Maturation Stages


Six maturity stages, including the resting phase (I), developing phase (II), ripening phase (III), mature (IV), spawning phase (V) and recovering phase (VI), were identified based on the shape and size, the color of the ovaries and histological features (Table 3, Figure 6). Key histological features of the ovaries of armored catfishes in Khanh Hoa province are presented in Figure 6.



In the resting phase, the ovaries were pale pink to translucent in color, containing mainly primary growth oocytes (PG) with very thin ovarian walls. In the developing phase, no oocyte was visible with the naked eye, and oocytes grew with a nucleus up to 50% of the whole oocyte area. In the ripening phase, oocytes can be seen by the naked eye and oocytes were pale pink in the H&E stained sections. In the mature phase, the ovaries turned to a deep yellow color (straw yellow or red-yellow), and the oocytes were dark purple in the H&E stained sections. In the spawning phase, oocytes were separate and came out with light pressure on the abdomen. In the recovering phase, the ovarian wall was thicker and ovaries were either empty or had a few leftover small eggs.




3.6. Spawning Season


3.6.1. Monthly Changes in the Percentage of Matured Fish


The matured fish presented all year round, but with a higher percentage during April–October compared to November–March. The percentage of fish with matured ovaries peaked in August (100%) and was lowest in February (<10%) (Figure 7a).




3.6.2. Monthly Changes in the Gonado-Somatic Index (GSI)


The highest GSIs were 16.63 ± 1.25% in fish from Dinh River and 8.48 ± 1.12% in fish from Suoi Trau Reservoir, all in August. The lowest GSI was in February (0.46 ± 0.07%) for fish from Dinh River and in April (0.04 ± 0.03%) for fish from Suoi Trau (Figure 7b).





3.7. Length at First Sexual Maturity (50% Maturity)


The total length at 50% maturity for females was 179.7 mm for fish from Suoi Trau Reservoir and 234.3 mm for fish from Dinh River (Figure 8). The smallest matured fish was observed in Suoi Trau with a Lt of 167 mm and a body weight of 38 g, compared to the smallest in Dinh River with a Lt of 224 mm and a body weight of 84 g.




3.8. Fecundity


The absolute first-batch fecundity of the P. disjunctivus in Dinh River and Suoi Trau Reservoir was 4812 ± 383 oocytes/ind. (ranged from 103 to 8208 oocytes/ind.) and 841 ± 91 oocytes/ind. (ranged from 150 to 1993 oocytes/ind.), respectively. The relative first-batch fecundity of the P. disjunctivus in Dinh River and Suoi Trau Reservoir was 13.36 ± 0.81 oocytes/g (ranged from 0.69 to 21.32 oocytes/g) and 12.97 ± 1.19 oocytes/g (ranged from 3.26 to 25.23 oocytes/g), respectively. The difference in the absolute first-batch fecundity was no longer present when the fecundity was normalized for the body weight. Specifically, the relative fecundity of the fish was not statistically different between the two habitats (p > 0.05) (Table 4).



The absolute total fecundity in Dinh River and Suoi Trau Reservoir was 6000 ± 483 oocytes/ind. (ranged from 1303 to 10,574 oocytes/ind.) and 995 ± 101 oocytes/ind. (ranged from 150 to 2255 oocytes/ind.), respectively. The relative fecundity in Dinh River and Suoi Trau Reservoir was 16.63 ± 0.92 oocytes/g (ranging from 7.05 to 26.00 oocytes/g) and 15.48 ± 1.35 oocytes/g (ranging from 3.26 to 28.55 oocytes/g), respectively. There was no difference in the mean relative fecundity of the fish among the different sampling sites (p > 0.05) (Table 4). The index of Fb/Ft was 79.83 ± 2.73% (ranging from 7.90 to 92.72%) and 84.09 ± 2.00% (ranging from 59.26 to 100%) for fish from Dinh River and Suoi Trau Reservoir, respectively.



The fecundity was positively correlated with body weight and well explained (Ft = 13.676Wt − 290.128; R2 = 0.684; t = 7.93; p < 0.001; n = 31) and directly proportional to body weight for fishes in Dinh River (Figure 9a). Only with the R2 value (0.511) was it possible to explain this correlation in Suoi Trau Reservoir (Ft = 25.015Wt − 918.175; t = 5.406; p < 0.001; n = 30) (Figure 9b).



Similarly, the fecundity was positively correlated with total length (Log(Ft) = 3.267Log(Lt) − 4.653; R2 = 0.781; t = 10.181; p < 0.001; n = 31) and directly proportional to total length for fishes in Dinh River (Figure 9c). Only with the R2 value (0.194) could the correlation in Suoi Trau Reservoir be calculated (Log(Ft) = 4.005Log(Lt) − 6.391; t = 2.597; p = 0.015; n = 30) (Figure 9d).




3.9. Oocyte Diameter


The diameter of the top decile oocytes for stage IV–V ovaries of the P. disjunctivus in Dinh River and Suoi Trau Reservoir were 2.95 ± 0.04 mm (ranged from 2.50 to 3.41 mm) and 2.58 ± 0.01 mm (ranged from 2.42 to 2.80 mm), respectively. There was a significant difference in the mean diameter of the top decile oocytes between fish from lotic and those from lentic habitats (Table 4).





4. Discussion


We documented the first evidence of how suckermouth armored catfishes had undergone phenotypic divergences when inhabiting lotic and lentic habitats in Vietnam. Indeed, all the growth and reproductive results indicated that P. disjunctivus in lotic habitats had faster growth, higher fecundity, and greater longevity; these results were consistent in a large number of specimens collected from every month throughout the year. Furthermore, these populations were within the same climate region, suggesting that they may experience the same climatic conditions (Table 1). The substantial phenotypic divergences of the fish in lotic and lentic habitats may directly relate to hydrology, water flow (Table 1), food availability and predators. More details concerning how P. disjunctivus has undergone phenotypic divergences in growth and reproduction that are critical for its invasion of lotic and lentic habitats in Vietnam will be discussed in the following paragraphs.



In this study, both males and females of P. disjunctivus collected from the Dinh River (lotic habitat) and Suoi Trau Reservoir (lentic habitat) had negative allometric growth (b = 2.66–2.82), indicating that these fish were likely to be slimmer as they grew bigger. This finding was consistent with the growth pattern of P. disjunctivus from Adolfo López Mateos El Infiernillo Reservoir in Mexico (b = 2.3–2.7) [42], and of P. disjunctivus from Marikina River in the Philippines (b = 2.74) [45].



Another important line of evidence for the strong phenotypic divergence of P. disjunctivus was that the size, maximal size and age of both males and females from Dinh River (lotic habitat) were about 45–50% greater than those from Suoi Trau Reservoir (lentic habitat). Indeed, the maximum length and lifespan of P. disjunctivus from Dinh River were 483 mm and 4.2 years old, and for those from Suoi Trau they were 346 mm and 2.9 years old. The differences between the two types of water bodies (Table 1) might result in variations in food, dissolved oxygen, territory, or interspecific competition and harvesting as “trashfish”, subsequently affecting the size of the fish. In general, P. disjunctivus have rapid growth (100 mm/year) and a relatively short lifespan (ca. 5 years) [30,46]. The lifespans of P. disjunctivus in both Dinh River and Suoi Trau Reservoir were less than the estimated lifetime of this species in Volusia Blue Spring, Florida, USA (5.25 years) [30,46], although they had a similar length (L∞ = 500–520 mm). The shorter lifetime may relate to the higher average temperatures of Vietnamese climate conditions compared to Florida climate conditions, as lifetime and temperature typically correlate negatively [47].



In the current study, six stages of the gonadal development of P. disjunctivus caught from Dinh River and Suoi Trau Reservoir were described and these were similar to Jumawan and Herrera (2014) [48]. However, the weight of stage I gonads in the P. disjunctivus in this study was 10-fold smaller than that for fish collected in Marikina River in the Philippines [48], which may relate to the difference in size at maturity; or the catfishes collected in Marikina River may have been stage II gonads, because the color of stage I gonads in this study was “pale pink”, but the stage I gonads from Marikina River were “pink”. Furthermore, this fish species can alter its reproductive strategies (either annual single spawner or annually repeated spawner), and its GSI index in adults varies greatly, which may explain the difference. Moreover, the sex ratio in both habitats was practically 1:1. That is advantageous for the non-native species in terms of reproduction because, as the male builds a large nest burrow during the breeding season [49], there will always be at least one female available to mate, thus ensuring the establishment of P. disjunctivus in the sites.



Interestingly, the size at 50% maturity for females of P. disjunctivus in Suoi Trau Reservoir and Dinh River was 179.7 mm Lt and 234.3 mm Lt, respectively, which is much smaller than in their native habitats. In South America, the suckermouth armored catfishes begin to breed at a size of 250 mm, with unknown Ls (standard length) or Lt [14]. In North America, the 50% sexual maturity size of P. disjunctivus was 192 mm Ls in El Infiernillo Reservoir, Mexico [42], and 260 mm Ls in Volusia Blue Spring Florida, USA [29,30]. In invaded habitats in Asia, the 50% sexual maturity size was 240 mm Lt for P. disjunctivus in East Kolkata Wetlands, India [16], and 260 mm Ls for P. disjunctivus in Marikina River in the Philippines [48]. The smaller size at maturity may be a response to the exploitation pressure, removing the majority of large-size, matured animals from the populations [50]. This is likely the case for suckermouth armored catfishes as they are harvested as “trashfish” which can be used for making fertilizers. Furthermore, breeding females with small sizes can indicate early sexual maturation as an attempt to maximize their reproductive success, a typical characteristic of an opportunistic strategy [51]. Additionally, the smaller size at maturation is one of the universal patterns of ectothermic animals in response to elevated temperature [52,53]; the development outpaces the growth when temperature increases until the upper thermal optimum [54]. Corroborating this, the average water temperature in both Dinh River and Suoi Trau Reservoir varies between 25.4–32.9 °C, higher than in Florida, USA, where it is around 23 °C [30]. A smaller size at the first sexual maturity in response to elevated temperature has been observed in aquatic invertebrates (Pseudodiaptomus annandalei) in Vietnam [55], but no one has yet documented the evidence for fish in Vietnam.



In this study, P. disjunctivus was found to breed all year round, indicated by the monthly changes in GSI and the percentage of fish in matured stages. The main reproductive season would be from April to October, with a peak in July-August (dry season) as indicated by the highest GSI values of fish collected from both Dinh River and Suoi Trau Reservoir being during this period. This finding was consistent with a previous study which reported that Pterygoplichthys spp. in Dinh River was fertile from October to January of the next year (GSI: 6.59% to 15.77%) [24]. These results also agree with the observation that the main breeding season of P. disjunctivus is in the summer regardless of invading habitats worldwide. For example, in Mexico and the United States of America, P. disjunctivus reproduces in summer from May to October or November [29,30,42]. In other geographical areas with only two seasons (rainy and dry seasons), the main reproductive season of P. disjunctivus occurs in the rainy season. For example, in the Philippines, the P. disjunctivus reproduce from June to September [48], and from July to November in India [16]. Frequent reproduction over an extended breeding season may be an opportunistic life-history strategy adopted by non-native oviparous fish and be useful to maintain a continuous input of young (i.e., larvae, alevins and juveniles) into the population. In hydrologically unstable environments such as Dinh River, which is subject to floods, the continuous input of newborn individuals would assure a higher survival rate and therefore the maintenance of a viable population in a stochastic environment [7,56].



The P. disjunctivus can change its reproductive strategy to adapt to the local environment [30]. The reproductive strategies of P. disjunctivus in southern Vietnam were diverse. They can be single spawners with only one time of reproduction per year, as indicated by the index Fb/Ft = 100%, or multiple spawners which can reproduce several times a year, as indicated by Fb/Ft index varying from 7.9% to nearly 100% (Table 4). In India and the Philippines, P. disjunctivus are multiple spawners only [16,48]. In general, multiple spawning increases the survival chances of a species [57] and offers several advantages, such as (i) increasing the number of eggs spawned throughout the reproductive period [26], (ii) exposing the spawn to a variety of environmental conditions so that at least some of the offspring may develop under ideal conditions [58], and (iii) reducing competition between larvae/juveniles and the predation of eggs and larvae [59]. The alteration in the reproductive strategies of P. disjunctivus may be interpreted as an adaptation to variations in environmental, biological or geographical conditions [30], which needs to be clarified in freshwater habitats in southern Vietnam.



One important finding of this study was that the absolute fecundity of P. disjunctivus was five times higher in Dinh River than in Suoi Trau Reservoir, although the distance between the two sampling sites is only 8 km and they have the same weather conditions. The difference in absolute fecundity of P. disjunctivus was associated with the larger body size of fish collected from these two habitats, as confirmed by the positive correlations between these two parameters (Figure 9). Indeed, the difference was no longer present when the fecundity was normalized for the body size, as there was no significant difference in the relative fecundity of P. disjunctivus between lotic and lentic habitats. Furthermore, the types of water bodies or water quality parameters (Table 1), and especially the more intense harvesting of fish in Suoi Trau Reservoir during the drought season, may also contribute to this difference. The relative fecundity of P. disjunctivus in this study was comparable to P. disjunctivus from El Infiernillo Reservoir, Mexico (RFt = 12.5 eggs/g) [42], and from the East Kolkata Wetlands in India (RFt = 8–22 egg/g) [16].



The average diameter of the top size class of eggs in P. disjunctivus from Dinh River was moderately larger (~13%) than that for the fish from Suoi Trau Reservoir, which may relate to their adaptive responses to the different habitat conditions and harvesting intensity. Generally, the smaller egg size in reservoirs may result from unfavorable environmental conditions such as high water temperature variation, greater water level changes, food shortages accompanied by a long dry season, as well as dissolved oxygen and other parameters that also were different in the two water bodies. Indeed, the size of fish from Dinh River was larger than in Suoi Trau Reservoir (Table 3), and fish obtained from Dinh River had a higher abundance of food in the digestive tract (benthic, planktonic, amphibious and terrestrial food items) than those from Suoi Trau Reservoir (only benthic and planktonic) [11]. This leads to the larger diameter of the top size class of eggs in Dinh River compared to those in Suoi Trau Reservoir. In other studies in lotic habitats, for example, in Volusia Blue Spring, Florida, USA (latitude ~28° N), the average diameter of the top decile class size during the period 2005–2007 was 3.44 mm and for the period 2012–2014 it was 3.01 mm [29,30], while the diameter of the top size class of eggs was 3–4 mm for fish from Marikina River in the Philippines (latitude ~14° N) [48], which are larger than the top decile class size in Dinh River, Vietnam (latitude ~12° N). It seems that the size of the egg is smaller in lower latitudes, which needs further investigation.




5. Conclusions


In conclusion, this study provided important knowledge about the reproductive biology and growth of the armored catfish P. disjunctivus in different water bodies in the south of Vietnam. The fish from two different water bodies significantly varied in the length of the fish, size of oocytes, fecundity, the total length at maturity and allometric growth pattern, but there was no difference in the ratio between males and females and relative fecundity. Macroscopic observations and histological examinations of the gonads of these fish indicated that they could breed all year round, with a peak from July to August. Deeper studies on the adaptive behavior of fish in flowing and stagnant water in laboratory conditions need to be conducted in the future.
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Figure 1. Map of the two study sites in southern Vietnam (dark spots were sampling locations). 
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Figure 2. Air temperature (a) and rainfall (b) in Ninh Hoa province, including Dinh River and Suoi Trau Reservoir, Vietnam. 
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Figure 3. Total length frequency distribution of males and females of Pterygoplichthys disjunctivus in Dinh River and Suoi Trau Reservoir: (a)—males in Dinh River; (b)—females in Dinh River; (c)—males in Suoi Trau Reservoir; (d)—females in Suoi Trau Reservoir. 
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Figure 4. Boxplot (horizontal line within box: median; boundaries of the box: first and third quartiles; bars: lower and upper inner fences; outliers) from Kruskal–Wallis test for the total length (Lt) of sexual Pterygoplichthys disjunctivus in Dinh River-DR and Suoi Trau Reservoir-STR (**: p < 0.01; ****: p < 0.001). 
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Figure 5. Total length–weight relationship of males and females of Pterygoplichthys disjunctivus in Dinh River and Suoi Trau Reservoir: (a)—Males in Dinh River; (b)—Females in Dinh River; (c)—Males in Suoi Trau Reservoir; (d)—Females in Suoi Trau Reservoir. 
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Figure 6. Macroscopic and microscopic appearance of the ovaries of the female Pterygoplichthys disjunctivus at various maturity stages. Note: (a,b): stage I; (c,d): stage II; (e,f): stage III; (g,h): stage IV; (i): stage V; (j): stage VI; Evtg: early vitellogenic oocyte; Avtg: advanced vitellogenic oocyte; arrow 1—Oo: oogonium; arrow 2—ovarian wall; arrow 3—oocyte during previtellogenesis; arrow 4—oocyte during vitellogenesis; arrow 5—yolk granules in advanced vitellogenic oocyte. 
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Figure 7. Monthly percentages of maturation stages (III–V) and monthly changes in the gonado-somatic index (GSI) of the non-native Pterygoplichthys disjunctivus. Note: (a): monthly percentages of maturation stages (III–V); (b): monthly changes in the gonado-somatic index (GSI). 
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Figure 8. Length at the first sexual maturity 50% (L50) of the non-native Pterygoplichthys disjunctivus: (a)—Dinh River, (b)—Suoi Trau Reservoir. 
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Figure 9. Correlation between total fecundity (Ft, eggs) and total weight (Wt, g) of the Pterygoplichthys disjunctivus. The grey area indicates a 95% confidence interval: (a)—Dinh River; (b)—Suoi Trau Reservoir. Correlation between total fecundity—Log(Ft) and total length—Log(Lt): (c)—Dinh River; (d)—Suoi Trau Reservoir. 
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Table 1. Geographical and physicochemical parameters of the two study sites in southern Vietnam.
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	Parameters
	Dinh River
	Suoi Trau Reservoir





	Geographic

Coordinates (N, E)
	12°29.740′

109°7.686′
	12°30.302′

109°2.694′



	Type
	lotic
	lentic



	Length (km)
	53
	-



	Square–Volume
	916 km2
	(1.42–9.8) × 106 m3



	Altitude (m)
	2
	22



	Depth (min–max; m)
	3–4
	4–9



	Current velocity (min–max; m/s)
	0.1–0.7
	0



	Temperature (surface water; °C)
	25.4–32.9
	25.4–32.9



	pH
	6.75–7.58
	7.09–8.5



	Salinity (PSU)
	0.04–0.05
	0.0



	Total dissolved solids (ppm)
	48–60
	71–100



	Total phosphorus (µg/L)
	45.9–75.9
	49.7–65.3



	Total nitrogen (µg/L)
	769–985
	826–869










 





Table 2. Length–weight relationship of the Pterygoplichthys disjunctivus collected throughout the whole year in Vietnam based on the equation   W = a   L   b     e   ε   ,   ε   ~   N ( 0 ,   σ   2   )   (a: intercept and b: slope of the equation). Minimum (min) and maximum (max) of length, weight; CI(b): confidence intervals of b; R2: correlation coefficient of the regression; p is significance of regression with all p being significant at < 0.05; t-test significance was conducted to verify if b is significantly different from consensus b = 3.
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Stations

	
Sex

	
Lmin–Lmax (mm)

(Mean ± SE)

	
Wmin–Wmax (g)

(Mean ± SE)

	
a

	
b

	
CI(b)

	
R2

	
p of Regression

	
t-Test Sig

	
Growth

Behavior






	
Dinh River

	
Females

(n = 169)

	
177–451

(310.12 ± 4.70)

	
44–768

(267.53 ± 12.49)

	
0.000023

	
2.82

	
2.70–2.94

	
0.93

	
<2.2 × 10−16

	
0.003

	
Negative

allometry




	
Males

(n = 190)

	
183–479

(327.33 ± 4.54)

	
53–767

(275.76 ± 10.91)

	
0.00005

	
2.66

	
2.57–2.76

	
0.94

	
<2.2 × 10−16

	
<6.16 × 10−11

	
Negative

allometry




	
Suoi Trau Reservior

	
Females

(n = 156)

	
82–313

(200.99 ± 2.94)

	
4.6–245

(67.30 ± 2.58)

	
0.000039

	
2.70

	
2.58–2.81

	
0.94

	
<2.2 × 10−16

	
1.93 × 10−7

	
Negative

allometry




	
Males

(n = 147)

	
88–316

(211.54 ± 2.93)

	
5.62–219

(70.69 ± 2.59)

	
0.000035

	
2.70

	
2.58–2.82

	
0.93

	
<2.2 × 10−16

	
<4.60 × 10−6

	
Negative

allometry











 





Table 3. Maturity stages of female Pterygoplichthys disjunctivus introduced in Vietnam.
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Maturity Stages

	
Characteristics of Ovaries






	
I

	
Resting phase (immature)

	
The ovaries were pale pink to translucent in color with inconspicuous vascularisation. Ovarian wall was very thin and no oocyte was visible with naked eye. Wgonad = 0.0230 ± 0.0060 g (range: 0.0110–0.0230 g). Histologically, oocytes, mainly PG types, were dense and closely distributed (Figure 6a,b).




	
II

	
Developing phase

	
Ovaries were light yellowish to opaque in color. Vascular supply increased and the blood capillaries became conspicuous. Oocyte was not visible through ovarian wall with naked eye. Wgonad = 0.4645 ± 0.0428 g (range: 0.0204–2.2300 g). In histological sections, oocytes grew with nucleus up to 50% of the whole oocyte area and limited vacuolation (Figure 6c,d).




	
III

	
Ripening phase

	
Ovaries increased in weight and volume, and were light color. Oocytes (including stage II and III oocytes) can be seen by naked eye. Oocytes increased considerably in size and were pale pink in color in H&E stained sections (Figure 6e,f).




	
IV

	
Mature

	
At close to spawning, the ovaries turned to deep yellow color (straw yellow or red-yellow). The blood supply increased considerably with a large blood vessel visible along the ovary. Oocytes reached maximum in size and contained dense yolk particles. In H&E stained sections, the oocytes were dark purple in color (Figure 6g,h)




	
V

	
Spawning phase

	
The ovaries were involved in reproduction. Ripened eggs were released directly into the abdominal cavity. Oocytes were separate and came out with light pressing on the abdomen (Figure 6i).




	
VI

	
Recovering phase (spent)

	
Ovaries appeared bruised; purple to dark pink in color. Ovarian wall was thicker, ovaries were empty or had a few small eggs left (Figure 6j).











 





Table 4. Reproductive parameters of Pterygoplichthys disjunctivus from Dinh River (n = 31) and Suoi Trau Reservoir (n = 31).
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	Parameters
	Unit
	Dinh River

Mean ± SE (Min–Max)
	Suoi Trau Reservoir

Mean ± SE (Min–Max)
	p





	Fb
	oocytes/ind.
	4812 ± 383 (103–8208)
	841 ± 91 (150–1993)
	<0.05



	Ft
	oocytes/ind.
	6000 ± 483 (1303–10,574)
	995 ± 101 (150–2255)
	<0.05



	Fb/Ft
	%
	79.83 ± 2.73 (7.90–92.72)
	84.09 ± 2.00 (59.26–100)
	>0.05



	RFb
	oocytes/g
	13.36 ± 0.81 (0.69–21.32)
	12.97 ± 1.19 (3.26–25.23)
	>0.05



	RFt
	oocytes/g
	16.63 ± 0.92 (7.05–26.00)
	15.48 ± 1.35 (3.26–28.55)
	>0.05



	Diameter top decile of oocytes
	mm
	2.95 ± 0.04 (2.50–3.41)
	2.58 ± 0.01 (2.42–2.80)
	<0.05







Note: Fb—first-batch fecundity; Ft—total fecundity; RFb—relative first-batch fecundity; RFt—relative total fecundity; SE—standard error; minimum (min) and maximum (max); ind.—individual.
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