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Abstract 16 

Trioecy systems are generally considered to be less stable and less widely distributed. Recently, a rare 17 

and mostly hermaphrodite (>50%) trioecy system was detected in a single indigenous population of 18 

Corbicula fluminea. While hermaphrodite specimens are common in the invaded range, dioecy systems 19 

dominate C. fluminea populations in native regions, with trioecy populations being rare and transient in 20 

both ranges. To date, the stability of this trioecy system, as well as how environmental conditions effect 21 

sex allocation and reproductive activities remains unknown. To address this, the population sex ratio 22 

and brooding characteristics were analyzed through morphological and histological examination of C. 23 

fluminea specimens. Trioecy was sustained over the assessment period, with an approximate sex ratio 24 

of 1:1:6 (male: female: hermaphrodite). Greater water temperature significantly increased the 25 

population ratio in favour of males, while lower water temperatures were significantly associated shift 26 

towards females. Gametogenesis and brooding occurred throughout the year, but asynchronously. The 27 

incubation rate substantially increased between June and December, and had a significant and positive 28 

correlation with water temperature. Overall, these data suggest that a C. fluminea trioecy sexual system 29 

can be a stable phenomenon, and water temperature is both a driver of population sex ratio and 30 

reproductive activities. 31 
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Introduction 42 

A sexual system is the pattern of resource allocation for male versus female reproduction in sexually 43 

reproducing species (Leonard 2019). In animals, dioecy is the most common and stable sexual system, other 44 

mixed mating sexual systems, such as hermaphroditism (co-occurrence of functional male and female 45 

reproductive organs in each individual), androdioecy (males and hermaphrodites), gynodioecy (females and 46 

hermaphrodites), and trioecy (males, females and hermaphrodites) are less stable and less widely distributed 47 

(Bello et al. 2013; Collin 2013; Heller 1993; Leonard 2019; Weeks 2012). Trioecy has rarely been detected in 48 

animals, although has been found in some species, e.g., nematode (Kanzaki et al. 2017; Tandonnet et al. 2019), 49 

Aiptasia diaphana (Armoza-Zvuloni et al. 2014), Semimytilus algosus (Oyarzún et al. 2020) and Galatea 50 

paradoxa (Adjei-Boateng and Wilson 2016). The conditions under which mixed mating sexual systems exist and 51 

whether such sexual systems are stable remains poorly understood (Armoza-Zvuloni et al. 2014; Leonard 2019; 52 

Oyarzún et al. 2020; Weeks et al. 2006). Nevertheless, it appears that the emergence or stable existence of these 53 

sexual systems is likely underpinned by multiple factors (Matsumoto and Crews 2012; Teaniniuraitemoana et al. 54 

2016; Wedekind and Stelkens 2010). Sex determination is a developmental process, which is divided into two 55 

major types: genotypic sex determination (GSD) systems and environment sex determination (ESD) system 56 

(Breton et al. 2017; Broquard et al. 2021; Dalpé et al. 2022; Matsumoto and Crews 2012; Shi et al. 2015). In 57 

organisms with ESD, the environment factors, such as temperature, water flow, can influence the expression of 58 

genes involved in sex determination (Chang 2007; Dalpé et al. 2022; Xu et al. 2022), which may induce sex 59 

differentiation toward male, female and hermaphrodite development (Shi et al. 2015; Zeng et al. 2022b). 60 

Native to areas of Asia, Africa, Australia and the Middle East (Araujo et al. 1993; Sousa et al. 2008), 61 

Corbicula clams have achieved an almost global distribution and frequently display highly invasive tendencies 62 

through the formation of dense and expansive populations (Crespo et al. 2015; Haponski and Foighil 2019; 63 

Lopez-Soriano et al. 2018; Soares and Martins-Silva 2021; Tos et al. 2021). Corbicula clams also tend to exhibit 64 

sexual polymorphism in different aquatic habitats (Morton 1991). As a non-indigenous invasive species, it 65 

predominantly displays hermaphroditism in invaded areas, with only occasional occurrence of male and/or 66 

female only specimens  (Cao et al. 2017; Darrigran 2002; Denton et al. 2012; Sousa et al. 2008). However, most 67 

populations of Corbicula clams in indigenous areas are dioecious, with only the occasional occurrence of 68 

hermaphrodites (Gong and Wang 2001; Morton 1977; Morton 1991; Tejima et al. 2020). Additionally, Corbicula 69 
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clams with an androdioecy sexual system have been observed in irrigation ditches in Japan (Houki et al. 2011; 70 

Tejima et al. 2020). However, a single indigenous population inhabiting the Yuangjiang River in China, has 71 

recently been confirmed as a trioecy sexual system that is mainly composed of hermaphrodites (> 50%) (Pei et 72 

al. 2020; Wang et al. 2018; Zhan et al. 2021). Nonetheless, the stability of this trioecy population over time 73 

remains unknown (i.e., stable or transient). 74 

The reproduction activities of C. fluminea tends to be synchronized (Cataldo and Boltovskoy 1999), and 75 

can be susceptible to influence from external environmental factors such as, amongst others, water temperature 76 

and water velocity (Bespalaya et al. 2021; Doherty et al. 1987; Henricksen and Bollens 2022; Morton 1983). For 77 

most bivalves, including Corbicula clams, reproduction is directly linked to temperature with spawning typically 78 

taking place within a narrow range of temperatures, which is often species specific (Chelyadina et al. 2021; 79 

Denton et al. 2012; Morton 1977; Teaniniuraitemoana et al. 2016). In general, elevated temperature stimulates an 80 

increase in the fecundity of Corbicula clams (Penk and Williams 2019; Petter et al. 2014). Water velocity can 81 

also prevent a females’ eggs from becoming fertilized and/or inhibit female filtration of sperm (Galbraith 2009). 82 

Fertilization occurs inside the paleal cavity, and fertilized eggs develop from embryos to larvae while incubated 83 

within the inner demibranchs water tubes (Darrigran 2002). In general, environmental conditions are not thought 84 

to effect Corbicula brooding behavior (Morton 1977; Zhao et al. 2012), especially for populations primarily 85 

comprised of hermaphrodite specimens (Morton 1983). However, the relationship between the brooding 86 

behavior of hermaphrodite specimen and environmental conditions requires confirmation. Knowledge of 87 

reproductive dynamics of problematic or invasive species is also considered a key tool for planning and 88 

implementing control strategies (Giglio et al. 2016).  89 

In the present study, we assess the prevalence and stability of trioecy over a 12-month period. As this 90 

system has appeared to remain intact with a high proportion of hermaphrodite specimens being detected through 91 

preliminary incidental sampling, we hypothesize that the trioecy sexual system of C. fluminea in the lower 92 

reaches of Yuanjiang River is relatively stable. However, we anticipate that environmental factors will govern 93 

reproductive activities. For example, we expect that water temperature and water velocity will influence 94 

reproductive behavior.  95 

 96 
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Materials and Methods 97 

Field sampling 98 

From September 2019 to August 2020, specimens of C. fluminea were collected from the lower Yuanjiang 99 

River, Changde, Hunan, China (111º41′57.66″E, 28º59′34.11″N). The Yuanjiang River is 1,033 km length from 100 

its source in the Miao Mountains to where it enters Dongting Lake, with a drainage area of about 89,000 km2, 101 

and the annual runoff can reach 60 billion cubic meters. The Yuanjiang River is located in the middle reaches of 102 

the Yangtze River Basin, and is an important tributary of the Yangtze River, which exits Dongting Lake and 103 

flows to Yangtze River estuary. Specimens were collected once per month for a 12-month period, using a 104 

Petersen-type grab sampler (0.0625m2). When sampling, water temperature was measured with a thermometer 105 

(BLG100, Shenzhen Anseny Electronic Technology Co., Ltd. China). Water level (based on sea level) and river 106 

velocity data for sampling days were sourced from the hydrological monitoring station in the lower reaches of 107 

the Yuanjiang River, Hunan Hydrology and Water Resources Survey Center (http://slt.hunan.gov.cn/hnsw/). 108 

Specimens were transported in source water to a laboratory at Hunan Agricultural University Changsha, 109 

Hunan, China. In the laboratory, specimens were kept in dechlorinated and aerated tap water for a 24 hr period. 110 

Before analyses, the external surfaces of the specimens were cleaned thoroughly with a brush. Specimens were 111 

then blotted dry using absorbent paper, and the wet weight biomass was captured to the nearest 0.01 g using a 112 

high precision electronic balance (T30002NF, WANT Balance Instrument Co., Ltd. Changzhou, China). Shell 113 

length (horizontal axis) was measured to 0.01 mm using a digital vernier caliper (IP54, AIRAJ, Qingdao Meijite 114 

Precision Tools Co., LTD. China). 115 

 116 

Gonad histology 117 

Each month, between 30–40 C. fluminea specimens of different shell sizes were selected for histological 118 

assessment of gonads (total n = 380 specimens: 8.88–13.98 g min.-max. wet weight; 20.72–34.80 mm min.-max. 119 

shell length). Following the protocol outlined by Pei et al. (2020), the integrated gonads of C. fluminea were 120 

immobilized in Bouin’s solution, isolated from the viscera, and then extracted for hematoxylin-eosin (H&E) 121 

staining. Prior to staining, the gonadal tissue was first dehydrated using ethanol and made transparent with 122 

xylene. Following this, the gonadal tissue was embedded in paraffin and dyed with H&E dye and sealed. When 123 

making the gonadal tissue sections, to avoid the influence of different section positions on sex identification, 124 

http://slt.hunan.gov.cn/hnsw/
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each specimen was serially sectioned, with a final thickness of 4-6 μm. Sections were mounted on slides and 125 

inspected with the use of an optical microscope (ML31, MSHOT, Guangzhou, China). In the sex identification 126 

through gonad tissue sections, tissue displaying only the testicular follicles were considered male, while those 127 

with only the ovarian follicles were female. Tissue sections displaying testicular follicles, ovarian follicles and 128 

ovotestes were considered hermaphrodite. 129 

 130 

Incubation observation 131 

A total of 1580 specimens were used for incubation observations. These included specimens used for 132 

gonadal sectioning (total n = 380), for demibranchs gill sectioning (total n =120: 3.67–13.78 g wet weight; 133 

22.36–33.96 mm shell length) and for condition index determination (total n = 1,080 specimens: 2.93–13.57 g 134 

wet weight; 19.13–35.48 mm shell length). Following inspection, other than for specimens retained for gonad or 135 

demibranch histology, the soft tissues were returned to the original specimen to facilitate the determination of a 136 

condition index. Fertilized eggs with and without shells were considered larvae and embryo stages, respectively. 137 

The presence of larvae and embryo stages was assessed with the use of an optical microscope (ML31, MSHOT, 138 

Guangzhou, China). The demibranch gills were prepared for H&E staining following the same protocol as 139 

outlined above for gonadal tissue. For each specimen, the entire surface area of the demibranchs was 140 

systematically inspected with ten microscope fields of view (eyepiece ×10, objective ×10). In incubating 141 

individuals, the presence of larvae and embryo stages were separately categorized as being present in groups of 142 

<10, between 10–80, and >80 larvae or embryo stages. 143 

 144 

Condition index determination 145 

For each month, 90 specimens were selected for the determination of condition index (CI). The soft internal 146 

tissues were carefully dissected from the shells. For each specimen, with the use of a precision laboratory 147 

balance (FA2004A,  Shanghai Jingtian Electronic Instrument Co., Ltd. China), wet weight of the whole 148 

specimens was separately determined for the soft tissues and the shell. In all cases, soft tissues and shells were 149 

rinsed with distilled water and blotted dry using highly absorbent paper towels prior to weighing. Subsequently, 150 

dry weight was determined for soft tissues and shells by drying all soft and hard tissues in a thermostatic oven 151 

for over 24 hr (70℃) until a constant weight at reached. All samples were cooled to room temperature in a 152 
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desiccator before final weighing for the determination of dry weight (Coughlan et al. 2021). A CI was then 153 

calculated for each specimen  using a straightforward and commonly accepted equation for Corbicula clams  154 

(Wang and Chang 2010):  155 

CI = (W1 W2⁄ ) × 100%                                                     (1)  156 

where W1 is the dry weight of soft tissues (g) and W2 is the dry weight of the shell (g)  157 

 158 

Statistics analysis 159 

 All comparative and correlation analyses were carried out using SPSS 22.0 software (IBM, USA). In all 160 

cases α = 0.05. Initially, data were tested for normality using Shapiro-Wilk test. To assess the population sex 161 

ratio, as data were normally distributed, a Pearson’s chi-square test was used. A one-way ANOVA was used to 162 

assess the proportional change in sex allocation within the population over the duration of the study. For 163 

correlation analysis, Pearson’s two-tailed significance tests were used for normally distributed data, otherwise 164 

the Spearman’s two-tailed significance test was used. Figures were created using Origin 2022 software 165 

(OriginLab Corp., Northampton, MA, USA).  166 

 167 

Results 168 

Over the sampling period, mean (± SE) water temperature was 20.8℃ ± 1.83 (min.-max. range:11.0–169 

30.0℃: Table 1). Mean water level was 32.7 m ± 0.75 (29.9–37.7 m), while mean water velocity was 1990.2 170 

m3/s ± 664.2 (300.0–7299.8 m3/s) (Table 1, Fig. 1). 171 

 172 

Sexual system 173 

Gonad dissections and histological assessment revealed that advanced gametes were present in the sampled 174 

C. fluminea population over the duration of the 12-month sampling period. Further, the population displayed a 175 

relatively stable trioecy sexual system, which included males (n = 49: 12.89%), females (n = 43: 11.32%) and 176 

hermaphrodites (n = 288: 75.79%), with an approximate sex ratio of 1:1:6 (Pearson’s chi-square: n = 380, χ2 = 177 

760.00, p < 0.01, Fig. 2). However, no males were detected in March and no females were recovered in May. In 178 

addition, the proportion of males increased from September to December 2019 and April to August 2020, while 179 

the proportion of females and hermaphrodites decreased, and the opposite was true from January to March 2020. 180 
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This caused a significant shift in the population sex ratio between these time periods (Pearson’s chi-square: n = 181 

380, χ2 = 14.40, p < 0.01, Fig. 2). The proportion of hermaphrodites was significantly higher than that of males 182 

and females (One-way ANOVA: n = 380, F (2, 33) = 105.345, p < 0.05), and there was no significant difference 183 

between males and females (p > 0.05) over the duration of the study. Specimens displayed three types of gonadal 184 

follicles: testis follicle (male only), ovarian follicle (female only) and amphipathic follicle (i.e., presence of 185 

ovotestes), with hermaphrodite specimens displaying all three follicles (Fig. 3). Population gonadal development 186 

was not synchronized, as follicles of specimens for all three of the detected sexes displayed different 187 

developmental phases at any given time.  188 

 189 

Reproductive characteristics 190 

From September to December 2019, and again from June to August 2020, a large number of larvae and 191 

embryos were found in the demibranch gills of C. fluminea specimens (Fig. 4). From January to May 2020, only 192 

a small number of embryos and larvae were observed in the demibranch gills. No larvae or embryos were 193 

observed in gonad sections, although larvae and embryos were detected in the demibranch gills of 13 female and 194 

114 hermaphrodites used for the gonadal assessment (total n = 380). When taken together, these data indicate 195 

that C. fluminea in the lower reaches of Yuanjiang River have only one breeding season (from June to December, 196 

Fig. 4). Asynchrony of population reproduction was also detected, with usually only a minor proportion of the 197 

sampled specimens found to be brooding at any one time (Fig. 4). The incubation rate for both larvae and 198 

embryos was highest in September (53.08%), and lowest in February (10.00%) (Fig. 4). The brooding of larvae 199 

and embryos within the inner demibranchs was only observed in female and hermaphrodite C. fluminea 200 

specimens, and this brooding did not show a seasonal patten (Fig. 4). The mean larvae shell length (n = 106, 201 

horizontal axis) of brooding in inner demibranchs was 257.2 μm, (range: 203.4 –278.8 μm) (Fig. 5). 202 

From September to December, the condition index (CI) gradually reduced from 4.32 % ± 0.14 to 2.76 % ± 203 

0.09, and then gradually increased to a maximum of 4.98 % ± 0.17 in May (Table 1). Although slightly reduced 204 

from the May peak, the CI remained relatively stable from June to August. 205 

 206 

Factors affecting reproduction  207 

The number of embryos and larvae increased as water temperature increased, with these reproductive 208 
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activities lasting from September to December 2019 and again from June to August 2020 (Table 1, Fig. 4, Fig. 209 

5). Higher water temperatures of 20.5–30℃ (specimens n = 1060) were associated with increased incubation 210 

rates (from 26.92% to 53.08%, for larvae and embryos combined), while lower water temperatures were 211 

(11.0℃–17.5℃, specimen n = 520), corresponded to a reduction of the incubation rate (from 10.00% to 212 

39.23%). Overall, incubation rate was significant positive correlated with increasing water temperature (p < 213 

0.01, R2 = 0.71: Fig. 6). As water temperature increased (from 20.5℃ to 30.0℃), the number of males present in 214 

the population increased (from 10.00 % to 40.00 %), while the number of females decreased. However, as water 215 

temperature decreased (from 21.0℃ to 11.0℃) between November 2019 to March 2020, the number of males 216 

was also observed to decrease (from 16.67 % to 0), and the number of females increased (from 16.67 % to 217 

23.33 %) (Table 1; Fig. 2). The number of males was positively correlated with water temperature (p < 0.05, R2 218 

= 0.66), with the number of females being negatively correlated with increased temperature (p < 0.05, R2 = -219 

0.59: Fig. 6).  220 

 221 

Discussion 222 

 The population of C. fluminea residing in the lower reaches of the Yuanjiang River is highly unique. 223 

Trioecy populations of Corbicula clams are rare and transient, with usually only a small proportion of 224 

hermaphrodites (i.e., < 15%) (Morton 1982; Morton 1987; Wang and Chang 2010; Xu et al. 1988). Through 225 

consistent sampling, results confirm the hypothesis that this trioecy sexual system is relatively stable and non-226 

transient. Although C. fluminea is a hermaphroditic species in invaded areas, which may be functional (Kraemer 227 

1978) or protandric hermaphrodite (Pigneur et al. 2012), or potentially linked to environmental conditions 228 

(Morton 1983; Pei et al. 2020; Wang 2018; Wang and Chang 2010; Zhan et al. 2021; Zhao et al. 2012), while the 229 

occurrence of hermaphrodites in the native range is usually extremely low, at approximately 0.5–2.0% (Xu et al. 230 

1988). In the present study, however, hermaphrodites accounted for 75.8% of a native population. Further, within 231 

its native range, C. fluminea tends to have two reproduction peaks per year, in spring and autumn (Li et al. 2018; 232 

Zhao et al. 2012), with usually one or two peaks being the norm in the invaded range (Sousa et al. 2008). The 233 

present study recorded one breeding seasons, lasting from June until December. As observed by a variety of 234 

studies rising temperatures promoted C. fluminea breeding activities (Bespalaya et al. 2021; Cataldo and 235 

Boltovskoy 1999; Denton et al. 2012; Ilarri and Sousa 2012; Morton 1977). Although mature C. fluminea clams 236 
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can continuously spawn under favorable conditions (Hadiana et al. 2020; Kraemer and Galloway 1986), this 237 

process is normally synchronous (Cataldo and Boltovskoy 1999; Korniushin and Glaubrecht 2003), and might be 238 

a breeding strategy to deal with complex environments. Nonetheless, the present study indicates asynchronous 239 

reproductive activities occur within the trioecy population inhabiting the lower reaches of the Yuanjiang River. 240 

This is underpinned by asynchronous maturation of gametes (Rybalkina et al. 2013), which is likely caused by 241 

environmental factors such as water temperature (Enríquez-Díaz et al. 2009; Rybalkina et al. 2013).  242 

Brooding is an important reproductive strategy, which enables C. fluminea to protect new juveniles from 243 

adverse environment conditions. Initially, only female C. fluminea were thought to be capable of incubating 244 

larvae (Morton 1977), and although hermaphroditic C. leana and C. australis can brood larvae (Byrne et al. 245 

2000; Houki et al. 2011), the present study is the first to demonstrate that hermaphroditic C. fluminea are also 246 

capable of brooding year-round. The morphology of spermatozoa tends to be correlated with mode of 247 

reproduction including the brooding of larvae, self-fertilization and hermaphroditism (Franzén 1983). The 248 

spermatozoa of Corbicula clams (including C. fluminea) belong to the modified type, and have an elongated 249 

head and one or two flagella (Pigneur et al. 2012; Wang and Chang 2010). In particular, the nonreductional bi-250 

flagellate spermatozoa type of Corbicula clams are thought to be related to brooding and androgenesis behaviors 251 

(Byrne et al. 2000; Pigneur et al. 2012). However, C. fluminea in Dongting Lake basin (including Yuanjiang 252 

River) has been observed to produce both uniflagellate and bi-flagellate spermatozoa (Wang 2018). To ascertain 253 

whether the brooding behaviors of C. flumiena in lower reaches of Yuanjiang River are linked to environmental 254 

factors (e.g., water temperature) requires further study. There is no comparable literature for this phenomenon of 255 

brooding for C. fluminea within the native range. Interestingly, in the present study, the number of C. fluminea 256 

with embryo and larvae were greater in autumn 2019 (25.38–53.08 %) than in spring 2020 (10.00–22.31 %), and 257 

this contrasts with records from Corbicula’s invaded range, which show greater in brooding occurrence in spring 258 

rather than in autumn months (Aldridge and McMahon 1978; Kennedy and Huekelem 1985). For survival and 259 

reproduction, C. fluminea may need to adapt to the local environmental conditions, such as temperature and 260 

salinity (Bespalaya et al. 2021; Tos et al. 2021), which may be an adaptive breeding strategy of C. fluminea in 261 

lower reaches of Yuanjiang River as well as the invaded range. This may also be the reason for its substantial 262 

reproductive output in the invaded range (Cao et al. 2017). In addition, it may be because the genetic diversity of 263 

C. fluminea in the native range is much higher than that observed in invaded areas (Wang et al. 2014; Zeng et al. 264 
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2022a; Zhan et al. 2021), which may underpin the observed breeding strategies. Nonetheless, differences among 265 

populations of C. fluminea across the clams native and the invaded ranges require further research. 266 

CI analysis can provide for an indirect estimate C. fluminea reproductive activity, as well as allow for 267 

prediction of  adult readiness to begin spawning (Hadiana et al. 2020). In general, the maximum CI of C. 268 

fluminea populations tends to coincide with the peak reproductive period (Wang and Chang 2010) and usually 269 

appears in May (Mladineo et al. 2007). The CI pattern documented by the present study strongly aligns with this 270 

expected trend. The marked decrease in CI values from September to December 2019, which was the period of 271 

lowest water level, and slightly lower values detected for June to August 2020 (when compared with January to 272 

May) closely align with other indicators that suggest June to December is the main breeding season. This 273 

included the June and July period, which displayed some of the highest larvae numbers, as well as some of the 274 

highest water levels. Our data suggest that C. fluminea ceased reproductive activities during the cooler winter 275 

period, but rapidly increased its CI during this time in advance of initiating reproductive activities through 276 

increased nutrient storage (i.e., protein, carbohydrate, lipid) (Ilarri et al. 2021).  277 

Corbicula fluminea entered the breeding season in spring, and rising water temperature may have 278 

contributed to this drop in CI through increased metabolic rate (Kesler 2004), yet the rising water temperature 279 

and water level (providing a relatively dark environment) gradually may promote increased feeding activity of C. 280 

fluminea (Pouil et al. 2021), so that the CI is maintained through a dynamic balance. Although the reproductive 281 

activity remained at a relatively high level, the water temperature and water level decreases gradually from 282 

September to December, the CI weakened gradually. This may be due to changes in environmental factors that 283 

reduce feeding activity and energy for reproduction rather than growth (Pouil et al. 2021). Although food 284 

availability was not assessed, the food availability tends to be a significant contributor to the timing of C. 285 

fluminea spawning events as clams will need to meet the energetic demand of breeding (Denton et al. 2012) and 286 

larval development (Delgado and Camacho 2005; Teaniniuraitemoana et al. 2016). Further work should consider 287 

the effect of food availability on both the allocation of sex and timing of breeding activities for this trioecy 288 

population. Although water level and water flow were not significantly correlated with sex allocation or breeding 289 

activities, the peak incubation period was also the period when water flow and water level were the maximum in 290 

this study and have previously shown a synchronous relationship (Tos et al. 2021). The released D-shaped larvae 291 

are not capable of swimming (King et al. 1986; McMahon 1983; Wang and Chang 2010), and increased water 292 
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velocity will likely facilitate dispersal (Coughlan et al. 2017; Dubois and Martínez-Ortí 2010; Ernandes-Silva et 293 

al. 2016; Pernecker et al. 2021; Ramli et al. 2022; Thomaz et al. 2007). 294 

Water temperature can play a decisive role in the sex allocation of bivalves (Dalpé et al. 2022), with a trend 295 

toward a higher proportion of males at higher temperatures having previously been observed in the marine 296 

bivalves Mytilus edulis (Dalpé et al. 2022) and Crassostrea gigas (Santerre et al. 2013). In the present study, 297 

water temperature, water velocity and water level tended to peak during the June to September period, along 298 

with an increase in the male population of C. fluminea. It is possible that increased numbers of males are more 299 

advantageous during higher water temperature, water velocity and water level conditions, to ensure successful 300 

fertilization of eggs spawned by females and hermaphrodites (Houki et al. 2011), as C. fluminea is considered to 301 

be an androgenesis species (Pigneur et al. 2012). It has been suggested that C. fluminea can avail of the 302 

phenomenon of sex switching, to facilitate change from male to female or from female to hermaphrodite during 303 

a specimen development (Morton 1977; Tejima et al. 2020).  However, the C. fluminea specimens obtained from 304 

the lower reaches of Yuanjiang River had reached sexual maturity (20.72-34.80 mm shell length), with the 305 

monthly change of male and female sex ratio having a significant correlation with water temperature. Whether 306 

sex conversion occurs in C. fluminea in lower reaches of Yuanjiang River under the influence of temperature 307 

needs to be verified by further research. Salinity is a very important environmental factor, which appears to be 308 

the main factor shaping the distribution of COI haplotype distribution of Corbicula lineages within their native 309 

range and likely affected the Corbicula’s distribution and dispersal along the Yangtze River (Zeng et al. 2022a), 310 

as well as the sex distribution and reproductive mode of Corbicula (Morton 1982; Wang and Chang 2010). 311 

However, as the sampling site for this study was a strictly freshwater habitat located about 1,500 kilometers from 312 

the Yangtze River estuary, salinity gradients are unlikely to influence the sex ratios within the assessed 313 

population. Overall, several studies have demonstrated that environmental factors may influence reproduction of 314 

Corbicula clams (Morton 1977; Rajagopal et al. 2000), and that C. fluminea can attempt to take corresponding 315 

countermeasures as the environment changes. These strategies are adopted to maximize population reproductive 316 

success relative to the environment (Breton et al. 2017). However, the extent of this plasticity in indigenous 317 

populations remains unknown. This study has provided for a unique insight into an indigenous population of C. 318 

fluminea. However, many questions concerning the evolutionary, ecological and management implications of a 319 

stable trioecy population still need to be explored. 320 



13 

 321 

Authors’ contributions 322 

Deliang Li conceived the idea. Jie Pi, Yangxin Tang and Linwei Liu have performed the C. fluminea sampling, 323 

measurement and tissue sections preparation. Jie Pi, Deliang Li, Neil E. Coughlan and Yangxin Tang performed 324 

results analysis and writing of the manuscript. Xinhua Liu and Jianguo Xiang took part in manuscript 325 

preparation. All co-authors have approved publication of this manuscript. 326 

 327 

Funding 328 

This study was funded by the National Natural Science Foundation of China (31772832), National Key Research 329 

and Development Program of China (No. 2019YFD0900603), and Hunan Provincial Modern Agricultural 330 

Research System (No. 2019-105). NEC graciously acknowledges support from the Irish Research Council 331 

(GOIPD/2022/861). 332 

 333 

Data availability 334 

The datasets generated during and/or analysed during the current study are available from the first author on 335 

reasonable request. 336 

 337 

References 338 

Adjei-Boateng, D. & J. G. Wilson, 2016. Sexual strategy in the freshwater bivalve Galatea paradoxa 339 

(Donacidae) from the Volta River estuary, Ghana. Molluscan Research 36(1):1-8. 340 

https://doi.org/10.1080/13235818.2015.1054021. 341 

Aldridge, D. W. & R. F. McMahon, 1978. Growth, fecundity, and bioenergetics in a natural population of the 342 

Asiatic freshwater clam, Corbicula manilensis Philippi, from north central Texas. Journal of Molluscan 343 

Studies 44:49-70. https://doi.org/10.1093/oxfordjournals.mollus.a065417. 344 

Araujo, R., D. Moreno & M. A. Ramos, 1993. The asiatic clam Corbicula fluminea (Müller, 1774) (Bivalvia: 345 

Corbiculidae) in Europe. American Malacological Bulletin 10(1):39-49. 346 

Armoza-Zvuloni, R., E. Kramarsky-Winter, Y. Loya, A. Schlesinger & H. Rosenfeld, 2014. Trioecy, a unique 347 

breeding strategy in the sea anemone Aiptasia diaphana and its association with sex steroids. Biology of 348 

Reproduction 90(6):122, 1-8. https://doi.org/10.1095/biolreprod.113.114116. 349 

Bello, G., P. Paparella, A. Corriero & N. Santamaria, 2013. Protandric hermaphroditism in the bivalve Arca noae 350 

(Mollusca: Arcidae). Mediterranean Marine Science 14(1):86-91. https://doi.org/10.12681/mms.326. 351 

Bespalaya, Y. V., O. V. Aksenova, A. V. Kropotin, A. R. Shevchenko & O. V. Travina, 2021. Reproduction of the 352 

Androgenetic Population of the Asian Corbicula Clam (Bivalvia: Cyrenidae) in the Northern Dvina River 353 

Basin, Russia. Diversity 13(7):316-326. https://doi.org/10.3390/d13070316. 354 

Breton, S., C. Capt, D. Guerra & D. Stewart, 2017. Sex Determining Mechanisms in Bivalves. Transitions 355 

Between Sexual Systems:165-192. https://doi.org/10.20944/preprints201706.0127.v1. 356 

Broquard, C., S. A. Saowaros, M. Lepoittevin, L. Degremont, J. B. Lamy, B. Morga, A. Elizur & A. S. Martinez, 357 

2021. Gonadal transcriptomes associated with sex phenotypes provide potential male and female candidate 358 

https://doi.org/10.1080/13235818.2015.1054021
https://doi.org/10.1093/oxfordjournals.mollus.a065417
https://doi.org/10.1095/biolreprod.113.114116
https://doi.org/10.12681/mms.326
https://doi.org/10.3390/d13070316
https://doi.org/10.20944/preprints201706.0127.v1


14 

genes of sex determination or early differentiation in Crassostrea gigas, a sequential hermaphrodite mollusc. 359 

BMC Genomics 22(1):609. https://doi.org/10.1186/s12864-021-07838-1. 360 

Byrne, M., H. Phelps, T. Church, V. Adair, P. Selvakumaraswamy & J. Potts, 2000. Reproduction and 361 

development of the freshwater clam Corbicula australis in southeast Australia. Hydrobiologia 418(1):185-362 

197. https://doi.org/10.1023/a:1003986512832. 363 

Cao, L., C. Damborenea, P. E. Penchaszadeh & G. Darrigran, 2017. Gonadal cycle of Corbicula fluminea 364 

(Bivalvia: Corbiculidae) in Pampean streams (Southern Neotropical Region). PLoS One 12(10):e0186850. 365 

https://doi.org/10.1371/journal.pone.0186850. 366 

Cataldo, D. & D. Boltovskoy, 1999. Population dynamics of Corbicula fluminea (Bivalvia) in the Paraná River 367 

Delta (Argentina). Hydrobiologia 380:153-163. https://doi.org/10.1023/a:1003428728693. 368 

Chang, Y., 2007. Mollusc Culture. China Agricultural Press. 369 

Chelyadina, N., N. Pospelova & M. Popov, 2021. Effects of environmental factors on changing sex structure of 370 

cultivated mussels (Mytilus galloprovincialis, Lamarck, 1819) in the coastal zone of the Black Sea. 371 

International Review of Hydrobiology 106(3-4):183-190. https://doi.org/10.1002/iroh.202002050. 372 

Collin, R., 2013. Phylogenetic patterns and phenotypic plasticity of molluscan sexual systems. Integrative and 373 

Comparative Biology 53(4):723-735. https://doi.org/10.1093/icb/ict076. 374 

Coughlan, N. E., E. M. Cunningham, R. N. Cuthbert, P. W. S. Joyce, P. Anastácio, F. Banha, N. Bonel, S. J. 375 

Bradbeer, E. Briski, V. L. Butitta, Z. Čadková, J. T. A. Dick, K. Douda, L. E. Eagling, N. Ferreira‐376 

Rodríguez, L. A. Hünicken, M. L. Johansson, L. Kregting, A. M. Labecka, D. Li, F. Liquin, J. Marescaux, T. 377 

J. Morris, P. Nowakowska, M. Ożgo, E. M. Paolucci, M. A. Peribáñez, N. Riccardi, E. R. C. Smith, M. J. 378 

Spear, G. T. Steffen, J. S. Tiemann, M. Urbańska, K. Van Doninck, M. Vastrade, G. Y. W. Vong, B. 379 

Wawrzyniak‐Wydrowska, Z. Xia, C. Zeng, A. Zhan & F. Sylvester, 2021. Biometric conversion factors as a 380 

unifying platform for comparative assessment of invasive freshwater bivalves. Journal of Applied Ecology 381 

58(9):1945-1956. https://doi.org/10.1111/1365-2664.13941. 382 

Coughlan, N. E., A. L. Stevens, T. C. Kelly, J. T. A. Dick & M. A. K. Jansen, 2017. Zoochorous dispersal of 383 

freshwater bivalves: an overlooked vector in biological invasions? Knowledge & Management of Aquatic 384 

Ecosystems(418):42. https://doi.org/10.1051/kmae/2017037. 385 

Crespo, D., M. Dolbeth, S. Leston, R. Sousa & M. Â. Pardal, 2015. Distribution of Corbicula fluminea (Müller, 386 

1774) in the invaded range: a geographic approach with notes on species traits variability. Biological 387 

Invasions 17(7):2087-2101. https://doi.org/10.1007/s10530-015-0862-y. 388 

Dalpé, A., A. Lalonde-Larue, T. Choquette, J. Cimmino, É. Leroux, C. Leung, D. T. Stewart, B. Angers, S. 389 

Breton & F. Pernet, 2022. The influence of environmental conditions on sex determination in the blue 390 

mussel Mytilus edulis. ICES Journal of Marine Science 79(2):394-402. 391 

https://doi.org/10.1093/icesjms/fsab272. 392 

Darrigran, G., 2002. Potential Impact of Filter-feeding Invaders on Temperate Inland Freshwater Environments. 393 

Biological Invasions 4(1/2):145-156. https://doi.org/10.1023/a:1020521811416. 394 

Delgado, M. & A. P. Camacho, 2005. Histological study of the gonadal development of Ruditapes decussates 395 

(L.) (Mollusca: Bivalvia) and its relationship with available food. Scientia Marina 69(1):87-97. 396 

https://doi.org/10.3989/scimar.2005.69n187. 397 

Denton, M. E., S. Chandra, M. E. Wittmann, J. Reuter & J. G. Baguley, 2012. Reproduction and Population 398 

Structure of Corbicula flumineain an Oligotrophic Subalpine Lake. Journal of Shellfish Research 399 

31(1):145-152. https://doi.org/10.2983/035.031.0118. 400 

Doherty, F. G., D. S. Cherry & J. Cairns, 1987. Spawning Periodicity of the Asiatic Clam Corbicula fluminea in 401 

https://doi.org/10.1186/s12864-021-07838-1
https://doi.org/10.1023/a:1003986512832
https://doi.org/10.1371/journal.pone.0186850
https://doi.org/10.1023/a:1003428728693
https://doi.org/10.1002/iroh.202002050
https://doi.org/10.1093/icb/ict076
https://doi.org/10.1111/1365-2664.13941
https://doi.org/10.1051/kmae/2017037
https://doi.org/10.1007/s10530-015-0862-y
https://doi.org/10.1093/icesjms/fsab272
https://doi.org/10.1023/a:1020521811416
https://doi.org/10.3989/scimar.2005.69n187
https://doi.org/10.2983/035.031.0118


15 

the New River, Virginia. American Midland Naturalist 117(1):71-82. https://doi.org/10.2307/2425709. 402 

Dubois, C. & A. Martínez-Ortí, 2010. Reproduction du mollusque envahisseur Corbicula fluminea (O. F. Müller, 403 

1774) (Bivalvia: Corbiculidae) et recrutement et distribution de ses juveniles dans un canal de la region 404 

toulousaine (France). Iberus 28(1):1-11. 405 

Enríquez-Díaz, M., S. Pouvreau, J. Chávez-Villalba & M. Le Pennec, 2009. Gametogenesis, reproductive 406 

investment, and spawning behavior of the Pacific giant oyster Crassostrea gigas: evidence of an 407 

environment-dependent strategy. Aquaculture International 17:491-506. https://doi.org/10.1007/s10499-408 

008-9219-1. 409 

Ernandes-Silva, J., F. H. Ragonha, L. C. Rodrigues & R. P. Mormul, 2016. Freshwater invasibility level depends 410 

on the population age structure of the invading mussel species. Biological Invasions 18(5):1421-1430. 411 

https://doi.org/10.1007/s10530-016-1091-8. 412 

Franzén, Å., 1983. Ultrastructural studies of spermatozoa in three bivalve species with notes on evolution of 413 

elongated sperm nucleus in primitive spermatozoa. Gamete Research 7(3):199-214. 414 

https://doi.org/10.1002/mrd.1120070302. 415 

Galbraith, H. S., 2009. Reproduction in a changing environment: Mussels, impoundments and conservation. The 416 

University of Oklahoma. 417 

Giglio, M. L., M. C. Dreher Mansur, C. Damborenea, P. E. Penchaszadeh & G. Darrigran, 2016. Reproductive 418 

pattern of the aggressive invader Limnoperna fortunei (Bivalvia, Mytilidae) in South America. Invertebrate 419 

Reproduction & Development 60(3):175-184. https://doi.org/10.1080/07924259.2016.1174159. 420 

Gong, H. & Z. Wang, 2001. A Study of Artificial Breeding Technique of Corbicula fluminea (Müller) Modern 421 

Fisheries Information 16(1):22-23. 422 

Hadiana, H., A. Eh Rak, L. Seong Wei & M. Zharif, 2020. Asian Clam (Corbicula fluminea) Larvae Production 423 

in Broodstock Conditioning. Journal of Aquaculture and Fish Health 9(3):204-213. 424 

https://doi.org/10.20473/jafh.v9i3.16497. 425 

Haponski, A. E. & D. Ó. Foighil, 2019. Phylogenomic analyses confirm a novel invasive North American 426 

Corbicula (Bivalvia: Cyrenidae) lineage. PeerJ 7:e7484. https://doi.org/10.7717/peerj.7484. 427 

Heller, J., 1993. Hermaphroditism in molluscs. Biological Journal of the Linnean Society 48(1):19-42. 428 

https://doi.org/10.1111/j.1095-8312.1993.tb00874.x. 429 

Henricksen, S. & S. M. Bollens, 2022. Abundance and growth of the invasive Asian clam, Corbicula fluminea, 430 

in the lower Columbia River, USA. Aquat Invasions 17(1):36-56. https://doi.org/10.3391/ai.2022.17.1.03. 431 

Houki, S., M. Yamada, T. Honda & A. Komaru, 2011. Origin and possible role of males in hermaphroditic 432 

androgenetic Corbicula clams. Zoological Society of Japan 28(7):526-31. 433 

https://doi.org/10.2108/zsj.28.526. 434 

Ilarri, M. & R. Sousa, 2012. Corbicula fluminea Müeller (Asian Clam). Earthscan, London. 435 

Ilarri, M. I., R. G. Monteiro, R. Ozório & R. Sousa, 2021. Spatio-temporal and intra-specific variations in the 436 

physiological and biochemical condition of the invasive bivalve Corbicula fluminea. Hydrobiologia 437 

849(3):763-780. https://doi.org/10.1007/s10750-021-04733-4. 438 

Kanzaki, N., K. Kiontke, R. Tanaka, Y. Hirooka, A. Schwarz, T. Muller-Reichert, J. Chaudhuri & A. Pires-439 

daSilva, 2017. Description of two three-gendered nematode species in the new genus Auanema (Rhabditina) 440 

that are models for reproductive mode evolution. Scientific Reports 7(1):11135. 441 

https://doi.org/10.1038/s41598-017-09871-1. 442 

Kennedy, V. S. & L. V. Huekelem, 1985. Gametogenesis and Larval Production in a Population of the Introduced 443 

Asiatic Clam, Corbicula sp. (Bivalvia Corbiculidae), in Maryland. Biological Bulletin 168(1):50-60. 444 

https://doi.org/10.2307/2425709
https://doi.org/10.1007/s10499-008-9219-1
https://doi.org/10.1007/s10499-008-9219-1
https://doi.org/10.1007/s10530-016-1091-8
https://doi.org/10.1002/mrd.1120070302
https://doi.org/10.1080/07924259.2016.1174159
https://doi.org/10.20473/jafh.v9i3.16497
https://doi.org/10.7717/peerj.7484
https://doi.org/10.1111/j.1095-8312.1993.tb00874.x
https://doi.org/10.3391/ai.2022.17.1.03
https://doi.org/10.1007/s10750-021-04733-4


16 

https://doi.org/10.2307/1541173. 445 

Kesler, D. H., 2004. Influence of a Lentic Area on Condition Indices of Corbicula fluminea in the Wolf River, 446 

Tennessee. Journal of Freshwater Ecology 19(3):445-453. https://doi.org/10.1080/02705060.2004.9664918. 447 

King, C. A., C. J. Langdon & C. L. Counts, 1986. Spawning and early development of Corbicula fluminea 448 

(Bivalvia Corbiculidae) in laboratory culture. American Malacological Bulletin 4(1):81-88. 449 

Korniushin, A. V. & M. Glaubrecht, 2003. Novel reproductive modes in freshwater clams: brooding and larval 450 

morphology in Southeast Asian taxa of Corbicula (Mollusca, Bivalvia, Corbiculidae). Acta Zoologica 451 

84(4):293-315. https://doi.org/10.1046/j.1463-6395.2003.00150.x. 452 

Kraemer, L., 1978. Corbicula fluminea (Bivalvia: Sphaeriacea): the functional morphology of its 453 

hermaphroditism. American Malacological Bulletin:40-49. 454 

Kraemer, L. R. & M. L. Galloway, 1986. Larval development of Corbicula fluminea (Müller) (Bivalvia: 455 

Corbiculacea): An appraisal of its heterochrony. American Malacological Bulletin 4(1):61-79. 456 

Leonard, J. L., 2019. Transitions Between Sexual System: understanding the mechanisms of, and pathways 457 

between, dioecy, hermaphroditism and other sexual systems. Springer. 458 

Li, D.-L., J. Zhang, J. Pi, Z.-H. Gao, T.-Y. Xiao & Y.-S. Chen, 2018. Population dynamics and secondary 459 

production of Corbicula flumimea (Müller, 1774) in a typical aquacultural lake ( Datong) of the central 460 

Yangtze River Basin, China. Acta Hydrobiologica  Sinica 42(6):1145-1152. 461 

https://doi.org/10.7541/2018.140. 462 

Lopez-Soriano, J., S. Quiñonero-Salgado, C. Cappelletti, F. Faccenda & F. Ciutti, 2018. Unraveling the 463 

complexity of Corbicula clams invasion in Lake Garda (Italy). Advances in Oceanography and Limnology 464 

9(2):97-104. https://doi.org/10.4081/aiol.2018.7857. 465 

Matsumoto, Y. & D. Crews, 2012. Molecular mechanisms of temperature-dependent sex determination in the 466 

context of ecological developmental biology. Molecular and Cellular Endocrinology 354(1-2):103-10. 467 

https://doi.org/10.1016/j.mce.2011.10.012. 468 

McMahon, R. F., 1983. Ecology of an Invasive Pest Bivalve, Corbicula. Ecology 6:505-561. 469 

https://doi.org/10.1016/B978-0-12-751406-2.50019-2. 470 

Mladineo, I., M. Peharda, S. Orhanović, J. Bolotin, M. Pavela-Vrančić & B. Treursić, 2007. The reproductive 471 

cycle, condition index and biochemical composition of the horse-bearded mussel Modiolus barbatus. 472 

Helgoland Marine Research 61(3):183-192. https://doi.org/10.1007/s10152-007-0065-8. 473 

Morton, B., 1977. The population dynamics of Corbicula fluminea (Bivalvia: Corbiculacea) in Plover Cove 474 

Reservoir, Hong Kong. Journal of Zoology 181(1):21-42. https://doi.org/10.1111/j.1469-475 

7998.1977.tb04568.x. 476 

Morton, B., 1982. Some aspects of the population structure and sexual strategy of Corbicula cf. fluminalis 477 

(Bivalvia: Corbiculacea) from the Pearl River, People's Republic of China. Journal of Molluscan Studies 478 

48:1-23. https://doi.org/10.1093/oxfordjournals.mollus.a065606. 479 

Morton, B., 1983. The sexuality of Corbicula fluminea (Müller) in lentic and lotic waters in Hong Kong. Journal 480 

of Molluscan Studies 49(1):81-83. https://doi.org/10.1093/oxfordjournals.mollus.a065690. 481 

Morton, B., 1987. Comparative life history tactics and sexual strategies of the fresh and brackish water bivalve 482 

fauna of Hong Kong and southern China. American malacological bulletin 5:91-99. 483 

Morton, B., 1991. Do the Bivalvia demonstrate environment‐specific sexual strategies? A Hong Kong model. 484 

Journal of Zoology 223:131-142. https://doi.org/10.1111/j.1469-7998.1991.tb04754.x. 485 

Oyarzún, P. A., J. J. Nuñez, J. E. Toro & J. P. A. Gardner, 2020. Trioecy in the Marine Mussel Semimytilus 486 

algosus (Mollusca, Bivalvia): Stable Sex Ratios Across 22 Degrees of a Latitudinal Gradient. Frontiers in 487 

https://doi.org/10.1046/j.1463-6395.2003.00150.x
https://doi.org/10.4081/aiol.2018.7857
https://doi.org/10.1016/j.mce.2011.10.012
https://doi.org/10.1016/B978-0-12-751406-2.50019-2
https://doi.org/10.1007/s10152-007-0065-8
https://doi.org/10.1111/j.1469-7998.1977.tb04568.x
https://doi.org/10.1111/j.1469-7998.1977.tb04568.x
https://doi.org/10.1093/oxfordjournals.mollus.a065606
https://doi.org/10.1093/oxfordjournals.mollus.a065690
https://doi.org/10.1111/j.1469-7998.1991.tb04754.x


17 

Marine Science 7. https://doi.org/10.3389/fmars.2020.00348. 488 

Pei, H., J. Zhan, L. Qin, K. Li, J. Pi, C. Zeng & D. Li, 2020. Ploidy Investigation of Corbicula from the Yuan 489 

River, Lake Dongting Basin. Life Science Research 24(6):452-458. https://doi.org/10.16605/j.cnki.1007-490 

7847.2020.06.003. 491 

Penk, M. R. & M. A. Williams, 2019. Thermal effluents from power plants boost performance of the invasive 492 

clam Corbicula fluminea in Ireland's largest river. Science of the Total Environment 693:133546. 493 

https://doi.org/10.1016/j.scitotenv.2019.07.352. 494 

Pernecker, B., A. Czirok, P. Mauchart, P. Boda, A. Móra & Z. Csabai, 2021. No experimental evidence for 495 

vector-free, long-range, upstream dispersal of adult Asian clams [Corbicula fluminea (Müller, 1774)]. 496 

Biological Invasions 23(5):1393-1404. https://doi.org/10.1007/s10530-020-02446-8. 497 

Petter, G., M. Weitere, O. Richter & S. Moenickes, 2014. Consequences of altered temperature and food 498 

conditions for individuals and populations: a Dynamic Energy Budget analysis for Corbicula flumineain the 499 

Rhine. Freshwater Biology 59(4):832-846. https://doi.org/10.1111/fwb.12307. 500 

Pigneur, L. M., S. M. Hedtke, E. Etoundi & K. Van Doninck, 2012. Androgenesis: a review through the study of 501 

the selfish shellfish Corbicula spp. Heredity 108(6):581-591. https://doi.org/10.1038/hdy.2012.3. 502 

Pouil, S., A. Hills & T. J. Mathews, 2021. The effects of food quantity, light, and temperature on clearance rates 503 

in freshwater bivalves (Cyrenidae and Unionidae). Hydrobiologia 848(3):675-689. 504 

https://doi.org/10.1007/s10750-020-04472-y. 505 

Rajagopal, S., G. van der Gelde & A. bij de Vaate, 2000. Reproductive biology of the Asiatic clams Corbicula 506 

fluminalis and Corbicula fluminea in the river Rhine. Fundamental and Applied Limnology 149(3):403-420. 507 

https://doi.org/10.1127/archiv-hydrobiol/149/2000/403. 508 

Ramli, Z., D. K. Han, F. Abdullah, A. E. Rak & L. S. Wei, 2022. The larval development of the Asian clam, 509 

Corbicula fluminea in the hatchery. Agriculture Reprots 1(1):28-38. 510 

Rybalkina, S. M., M. A. Maiorova, A. P. Anisimov & D. N. Kravchenko, 2013. The gametogenesis and sexual 511 

cycle of the bivalve Corbicula japonica Prime (1864) in the mouth of the Kievka River (Sea of Japan). 512 

Russian Journal of Marine Biology 39(4):253-264. https://doi.org/10.1134/s1063074013040093. 513 

Santerre, C., P. Sourdaine, N. Marc, C. Mingant, R. Robert & A.-S. Martinez, 2013. Oyster sex determination is 514 

influenced by temperature - First clues in spat during first gonadic differentiation and gametogenesis. 515 

Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 165(1):61-69. 516 

https://doi.org/10.1016/j.cbpa.2013.02.007. 517 

Shi, J., Y. Hong, J. Sheng, K. Peng & J. Wang, 2015. De novo transcriptome sequencing to identify the sex-518 

determination genes in Hyriopsis schlegelii. Bioscience, Biotechnology, and Biochemistry 79(8):1257-65. 519 

https://doi.org/10.1080/09168451.2015.1025690. 520 

Soares, Y. F. F. & M. J. Martins-Silva, 2021. First record and range extension of Corbicula fluminea 521 

(M&uuml;ller, 1774) (Bivalvia, Cyrenidae) in the Chapada dos Veadeiros region, Goiás, Brazil. Check List 522 

17(6):1627-1631. https://doi.org/10.15560/17.6.1627. 523 

Sousa, R., C. Antunes & L. Guilhermino, 2008. Ecology of the invasive Asian clam Corbicula fluminea (Müller, 524 

1774) in aquatic ecosystems: an overview. Annales de Limnologie - International Journal of Limnology 525 

44(2):85-94. https://doi.org/10.1051/limn:2008017. 526 

Tandonnet, S., G. D. Koutsovoulos, S. Adams, D. Cloarec, M. Parihar, M. L. Blaxter & A. Pires-daSilva, 2019. 527 

Chromosome-Wide Evolution and Sex Determination in the Three-Sexed Nematode Auanema rhodensis. 528 

G3: Genes, Genomes, Genetic 9(4):1211-1230. https://doi.org/10.1534/g3.119.0011. 529 

Teaniniuraitemoana, V., M. Leprétre, P. Levy, V. Vanaa, S. Parrad, N. Gaertner-Mazouni, Y. Gueguen, A. Huvet 530 

https://doi.org/10.3389/fmars.2020.00348
https://doi.org/10.16605/j.cnki.1007-7847.2020.06.003
https://doi.org/10.16605/j.cnki.1007-7847.2020.06.003
https://doi.org/10.1016/j.scitotenv.2019.07.352
https://doi.org/10.1007/s10530-020-02446-8
https://doi.org/10.1111/fwb.12307
https://doi.org/10.1038/hdy.2012.3
https://doi.org/10.1007/s10750-020-04472-y
https://doi.org/10.1127/archiv-hydrobiol/149/2000/403
https://doi.org/10.1134/s1063074013040093
https://doi.org/10.1016/j.cbpa.2013.02.007
https://doi.org/10.1080/09168451.2015.1025690
https://doi.org/10.15560/17.6.1627
https://doi.org/10.1051/limn:2008017
https://doi.org/10.1534/g3.119.0011


18 

& G. Le Moullac, 2016. Effect of temperature, food availability, and estradiol injection on gametogenesis 531 

and gender in the pearl oyster Pinctada margaritifera. J Exp Zool A Ecol Genet Physiol 325(1):13-24. 532 

https://doi.org/10.1002/jez.1992. 533 

Tejima, K., M. Yamada, S. Houki & A. Komaru, 2020. Coexistence of Hermaphrodites and Males in 534 

Androgenetic Clam Corbicula fluminea Müller in Shirakawa River, Kyoto, Japan. Journal of Shellfish 535 

Research 39(2):337-344. https://doi.org/10.2983/035.039.0215. 536 

Thomaz, S. M., L. M. Bini & R. L. Bozelli, 2007. Floods increase similarity among aquatic habitats in river-537 

floodplain systems. Hydrobiologia 579:1-13. https://doi.org/10.1007/s10750-006-0285-y. 538 

Tos, C. D., C. A. Cardim, V. De Brito Pereira & R. P. Mormul, 2021. Synchrony between Reproductive Phase 539 

and Flood Period: A Dispersion Mechanism for the Freshwater Clam Corbicula fluminea (Bivalvia: 540 

Corbiculidae) in a Brazilian Neotropical Floodplain. Zoological Studies 60:e3. 541 

https://doi.org/10.6620/ZS.2021.60-03. 542 

Wang, G., T. Zhang, J. Zhang, D. Li & T. Xiao, 2014. Morphological and molecular differentiation of genus 543 

Corbicula suggests that two species are sympatrically distributed in Datong Lake in the Central Yangtze 544 

River Basin. Zoological Studies 53(1):64. https://doi.org/10.1186/s40555-014-0064-9. 545 

Wang, J., 2018. Systematic Taxonomy and Reproductive Characteristics of Corbicula in the Dongting Lake. 546 

Hunan Agricultural University. 547 

Wang, J., D. Li, C. Zeng, P. Zhu & J. Zhan, 2018. Genetic Diversity and Reproductive Characteristics Corbicula 548 

fluminea from the Laodao River in Liuyang City. Acta Hydrobiologica  Sinica 42(5):914-918. 549 

https://doi.org/10.7541/2018.112. 550 

Wang, Q. & Y. Chang, 2010. Reproductive biology of Asian clam Corbicula fluminea in Dayang River in 551 

Liaoning province. Journal of Dalian Fisheries University 25(1):8-13. 552 

Wedekind, C. & R. B. Stelkens, 2010. Tackling the diversity of sex determination. Biology Letters 6(1):7-9. 553 

doi:https://doi.org/10.1098/rsbl.2009.0573. 554 

Weeks, S. C., 2012. The role of androdioecy and gynodioecy in mediating evolutionary transitions between 555 

dioecy and hermaphroditism in the animalia. Evolution 66(12):3670-86. https://doi.org/10.1111/j.1558-556 

5646.2012.01714.x. 557 

Weeks, S. C., C. Benvenuto & S. K. Reed, 2006. When males and hermaphrodites coexist: a review of 558 

androdioecy in animals. Integrative Comparative Biology 46(4):449-464. https://doi.org/10.1093/icb/icj048. 559 

Xu, H., H. Ma, Q. Zeng, B. Hu, J. Sheng & Y. Hong, 2022. Effects of Temperature on Hermaphroditism and Sex 560 

Reversal in Freshwater Peal Mussel, Hyriopsis schlegelii. Acta Hydrobiologica Sinica 46(5):1-15. 561 

Xu, X., L. Qian, J. Li & H. Huang, 1988. The Reproductive Phase of Gonda in Mollusca (Corbicula fluminea 562 

Müller) in Shanghai Diansan Lake. Acta Zoologica Sinica 34(4):320-324. 563 

Zeng, C., Y. Tang, M. Vastrade, N. E. Coughlan, T. Zhang, Y. Cai, K. Van Doninck & D. Li, 2022a. Salinity 564 

appears to be the main factor shaping spatial COI diversity of Corbicula lineages within the Chinese 565 

Yangtze River Basin. Diversity and Distributions. https://doi.org/10.1111/ddi.13666. 566 

Zeng, Q., B. Hu, A. H. Blanco, W. Zhang, D. Zhao, P. Martinez & Y. Hong, 2022b. Full-Length Transcriptome 567 

Sequences Provide Insight Into Hermaphroditism of Freshwater Pearl Mussel Hyriopsis schlegelii. Frontiers 568 

in Genetics 13:868742. https://doi.org/10.3389/fgene.2022.868742. 569 

Zhan, J., H. Pei, K. Li, J. Pi, C. Zeng & D. Li, 2021. Characteristics of Lineage, Ploidy and Ses of Corbicula 570 

Clams from the Yuan River in Changde City. Acta Hydrobiologica Sinica 45(1):125-131. 571 

https://doi.org/10.7541/2021.2019.195. 572 

Zhao, X., X. Zheng, T. Sun, Y. Qian, Q. Ke, Z. Qiu & Q. Li, 2012. The Reproductive Blology of Corbicula 573 

https://doi.org/10.1002/jez.1992
https://doi.org/10.2983/035.039.0215
https://doi.org/10.1007/s10750-006-0285-y
https://doi.org/10.6620/ZS.2021.60-03
https://doi.org/10.1186/s40555-014-0064-9
https://doi.org/10.7541/2018.112
https://doi.org/10.1098/rsbl.2009.0573
https://doi.org/10.1111/j.1558-5646.2012.01714.x
https://doi.org/10.1111/j.1558-5646.2012.01714.x
https://doi.org/10.1093/icb/icj048
https://doi.org/10.1111/ddi.13666
https://doi.org/10.3389/fgene.2022.868742
https://doi.org/10.7541/2021.2019.195


19 

fluminea from the Yellow River Delta. Oceanologia Et Limnologia Sinica 43(5):1008-1015. 574 

575 



20 

Table 1. Water temperature (WT), water level (WL) and water velocity (WV) data from the sampling 576 

site situated in the lower Yuanjiang River, Changde, Hunan, China (111º41′57.66″E, 28º59′34.11″N), as 577 

well as mean (± SE) monthly Corbicula fluminea biometric measurements from September 2019 to 578 

August 2020. The data of water level and water velocity are from the day the C. fluminea specimens was 579 

collected. W1 dry weight of shell, W2 dry weight of soft tissues, CI  condition index. 580 

 581 

Month WT (℃) WL (m) WV (m3/s) n W1 (g) W2 (g) CI (%) 

Sep. 26.0 29.9 300.0 90 0.15 ± 0.01 3.42 ± 0.10 4.32 ± 0.14 

Oct. 24.0 30.1 385.0 90 0.14 ± 0.00 3.43 ± 0.09 4.01 ± 0.11 

Nov. 21.0 30.0 421.0 90 0.15 ± 0.00 4.14 ± 0.10 3.67 ± 0.08 

Dec. 17.5 30.9 429.1 90 0.10 ± 0.00 3.63 ± 0.08 2.76 ± 0.09 

Jan. 11.0 31.4 720.3 90 0.17 ± 0.01 3.72 ± 0.10 4.58 ± 0.13 

Feb. 11.0 32.7 2343.4 90 0.14 ± 0.00 3.65 ± 0.09 3.90 ± 0.11 

Mar. 13.5 33.0 1994.5 90 0.15 ± 0.01 3.47 ± 0.09 4.32 ± 0.15 

Apr. 20.5 32.6 1696.9 90 0.12 ± 0.00 3.02 ± 0.07 4.01 ± 0.10 

May. 23.5 32.5 1595.2 90 0.17 ± 0.01 3.36 ± 0.08 4.98 ± 0.17 

Jun. 24.5 37.4 7299.8 90 0.12 ± 0.01 2.98 ± 0.06 4.12 ± 0.15 

Jul. 27.5 37.7 5997.3 90 0.11 ± 0.00 2.96 ± 0.11 3.78 ± 0.11 

Aug. 30.0 33.7 699.4 90 0.12 ± 0.00 2.92 ± 0.11 4.20 ± 0.11 

Mean ± SE  20.8 ± 1.83 32.7 ± 0.75 1990.2 ± 664.2 90 0.14 ± 0.00 3.42 ± 0.03 4.06 ± 0.04 

  582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 
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Figure legends 591 

 592 

Fig. 1 Daily changes of water level and water velocity in lower reaches of Yuanjiang River, Changde, 593 

Hunan, China, between September 2019 to August 2020 594 

 595 

Fig. 2 The monthly percentage of sex allocation in Corbicula fluminea inhabiting the lower Yuanjiang 596 

River, Changde, Hunan, China, between September 2019 and August 2020 597 
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 598 

Fig. 3 Section observation of difference sex allocation by Corbicula fluminea. A female; B male; C 599 

hermaphrodite. OF ovarian follicle, O oocyte; TF testis follicle, S spermatogonium, Sp sperm, Ov 600 

ovotestes 601 
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 602 

Fig.  4 The percentage of incubation type and incubation rate of Corbicula fluminea inhabiting the lower 603 

Yuanjiang River, Changde, Hunan, China, between September 2019 and August 2020. Fertilized eggs 604 

with and without shells were considered larvae and embryo stages, respectively (see Fig. 5). For each 605 

specimen, the surface area of the demibranchs was systematically inspected with ten microscope fields 606 

of view (eyepiece ×10, objective ×10). The presence of larvae and embryo stages were separately 607 

categorized as groups of < 10, between 10–80, and > 80 larvae or embryo stages 608 

 609 
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Figure 5 Incubation observation of Corbicula fluminea in demibranch gills. A-C observation of the 610 

incubation of larvae in the demibranchs. D-F observation of embryos in the demibranchs by hematoxylin-611 

eosin staining. L larvae, S shell, Sp sperm, Br branchia, Em embryo, MC mucous cells 612 

 613 

Figure 6 Correlation analysis of water temperature (WT), water level (WL), water velocity (WV), as 614 

well as the number of Corbicula fluminea males (M), females (F), hermaphrodites (H), clam condition 615 

index (CI), and incubation rate (IR). Red indicates a positive correlation, while blue indicates negative 616 

correlation. The larger the circle, the greater the correlation coefficient. * = p < 0.05. ** = p < 0.01.  617 

 618 
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