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Abstract 20 

The variegated scallop Mimachlamys varia (Linnaeus, 1758) has potential for aquaculture 21 

diversification in the Mediterranean, but its reproductive biology in the Adriatic Sea 22 

remains poorly documented. Scallops maintained in suspended culture in Mali Ston Bay, 23 

eastern Adriatic Sea, were sampled over one annual cycle to characterize reproductive 24 

dynamics and their relationships with environmental conditions. Gonadal development 25 

was evaluated using histology, gonadosomatic index (GSI), condition index (CI), oocyte 26 

morphometry and monitoring of seawater temperature, salinity and chlorophyll a. 27 

Histological overlap among developing, mature, partially spawned and spent gonads 28 

indicated a prolonged and asynchronous reproductive cycle consistent with repeated 29 

partial spawning. Females exhibited a more distinct seasonal pattern of maturation and 30 

spawning, whereas males maintained reproductive activity throughout much of the year. 31 

Gonadal maturation occurred mainly during autumn and winter, while partially spawned 32 

and spent stages became increasingly frequent from winter to early summer. GSI followed 33 

the histological pattern and was negatively associated with seawater temperature, but 34 

showed no significant relationship with salinity or contemporaneous chlorophyll a 35 

concentration. CI displayed a less consistent seasonal trajectory. Hermaphrodites 36 

occurred at low frequency across multiple sampling periods, while the smallest sexually 37 

differentiated individuals were male, a pattern consistent with protandric sex expression. 38 

Compared with some Atlantic populations, the Adriatic population showed a more 39 

prolonged and less synchronized reproductive cycle. These findings identify seasonal 40 

windows relevant to broodstock collection and provide a biological basis for hatchery 41 

conditioning and aquaculture development of M. varia in the Adriatic Sea. 42 

 43 

Keywords: Mimachlamys varia; reproductive cycle; hermaphroditism; gametogenesis; 44 

Adriatic Sea; aquaculture 45 
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Introduction 46 

The variegated scallop Mimachlamys varia (Linnaeus, 1758), formerly classified as 47 

Chlamys varia, is a small pectinid bivalve distributed along the northeastern Atlantic 48 

coast and throughout the Mediterranean Sea. Within European waters, M. varia supports 49 

regional fisheries and is recognized as a commercially relevant scallop species, although 50 

its exploitation and culture remain less developed than those of larger pectinids (Duncan 51 

et al. 2016). Interest in the species as a candidate for aquaculture diversification has been 52 

supported by its relatively rapid growth, adaptability to suspended culture and potential 53 

for production in Mediterranean coastal environments (Antolović and Antolović 2012). 54 

In the eastern Adriatic Sea, previous studies conducted in Mali Ston Bay demonstrated 55 

favorable growth and survival of M. varia under suspended cage-culture conditions, 56 

although performance varied with culture depth (Rathman et al. 2017). Despite this 57 

aquaculture potential, the annual reproductive cycle, spawning phenology and patterns of 58 

sex expression in Adriatic populations remain poorly characterized. 59 

Reproduction is a fundamental component of bivalve life history because the timing and 60 

intensity of gametogenesis and spawning directly influence recruitment, population 61 

persistence and aquaculture productivity. In scallops, the reproductive cycle comprises 62 

gonial proliferation, gamete development, gonadal maturation, spawning and post-63 

spawning resorption and recovery. These processes are governed by interactions between 64 

endogenous physiological rhythms and environmental conditions (Gosling 2003; Barber 65 

and Blake 2016). Seawater temperature and food availability are among the most 66 

influential external factors affecting the rate of gonadal development, the timing of 67 

spawning and the accumulation and mobilization of reserves in pectinids (Iglesias et al. 68 

2012; Šebalj et al. 2026). Their effects are not necessarily independent, however, because 69 

reproductive development may reflect thermal history, food quantity and quality, 70 

physiological condition and the capacity to store and subsequently mobilize nutrients. 71 

Reproductive responses to individual environmental variables should therefore be 72 

interpreted within the broader seasonal context. 73 

Histological examination provides the most direct assessment of gonadal condition 74 

because it permits evaluation of follicular organization, germ-cell differentiation, 75 

vitellogenesis, spermatogenesis, gamete release and post-spawning resorption (Davidson 76 

and Worms 1989; Barber and Blake 2016). Histology is particularly important for species 77 
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exhibiting asynchronous gametogenesis or repeated partial spawning, for which changes 78 

in gonad mass alone may not accurately represent reproductive status. Gonadosomatic 79 

index (GSI), condition index (CI) and oocyte morphometry can provide complementary 80 

quantitative information, but each has limitations when considered independently. GSI 81 

reflects changes in relative gonad mass but cannot reliably distinguish between advancing 82 

maturation, partial evacuation and residual gonadal tissue. CI provides an indirect 83 

measure of physiological condition but does not identify the biochemical substrates 84 

supporting reproduction. Oocyte morphometry provides additional information on 85 

ovarian development and the coexistence of different oocyte cohorts. Integrating these 86 

approaches with histological staging therefore permits a more robust assessment of 87 

reproductive dynamics than reliance on any single indicator. 88 

Scallops exhibit considerable diversity in reproductive strategy, ranging from short and 89 

highly synchronized spawning periods to prolonged gametogenic activity and multiple 90 

spawning events. Extended reproductive activity and repeated partial spawning have been 91 

documented in Argopecten purpuratus, where reproductive timing varies in relation to 92 

regional environmental conditions and large-scale climatic events (Cantillánez et al. 93 

2005). Overlapping female gonadal stages have also been reported in cultured Nodipecten 94 

nodosus (Sühnel et al. 2010). Comparable interactions among environmental variability, 95 

physiological condition, energy allocation and gametogenesis have been described in 96 

other marine bivalves (Popović et al. 2013; Pérez et al. 2013). Moreover, Adriatic scallop 97 

species exposed to broadly similar environmental conditions can exhibit markedly 98 

different growth, reproductive and energy-allocation strategies, demonstrating that 99 

reproductive phenology is strongly species and population specific (Ezgeta-Balić et al. 100 

2022). 101 

Current knowledge of reproduction in M. varia is derived predominantly from Atlantic 102 

populations. Shafee and Lucas (1980) described intermittent spawning in the Bay of 103 

Brest, including partial spawning followed by renewed gonadal development and 104 

subsequent gamete release. On the west coast of Ireland, spawning and settlement varied 105 

among years, indicating that reproductive output and recruitment are not temporally fixed 106 

within the species (Burnell 1991). Burnell (1995) further described age-related protandry, 107 

with smaller and younger scallops functioning predominantly as males and female 108 

representation increasing with age and body size. In Galicia, reproductive development 109 
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and reserve-storage cycles varied with depth, reflecting differences in temperature and 110 

food conditions experienced by the scallops (Iglesias et al. 2012). Collectively, these 111 

findings indicate that M. varia possesses a flexible reproductive strategy whose 112 

expression may vary among populations in response to local environmental regimes. 113 

Nevertheless, comparable information is unavailable for the eastern Adriatic Sea. 114 

To our knowledge, no integrated histological assessment of the reproductive cycle and 115 

hermaphroditism of M. varia has previously been conducted in the eastern Adriatic. This 116 

knowledge gap is relevant to both population biology and aquaculture because 117 

reproductive timing affects broodstock selection, conditioning schedules, spawning 118 

induction, hatchery planning and spat collection. The present study therefore aimed to 119 

characterize the annual reproductive cycle of M. varia maintained in suspended culture 120 

in Mali Ston Bay by integrating histological staging, GSI, CI, oocyte morphometry and 121 

environmental monitoring. Specifically, the study sought to describe male and female 122 

gametogenic development and spawning patterns, assess temporal variation in GSI and 123 

oocyte perimeter, examine CI as an indirect indicator of physiological condition, evaluate 124 

associations between reproductive indicators and seawater temperature, salinity and 125 

chlorophyll a and characterize sex composition and the occurrence of hermaphroditic 126 

individuals. 127 

 128 

Materials and methods 129 

Study area and culture conditions 130 

The study was conducted in Bistrina Cove (42°52′ N, 17°42′ E), within Mali Ston Bay on 131 

the eastern Adriatic coast of Croatia (Fig. 1).  132 
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 133 

Figure 1. Location of Mali Ston Bay and the experimental farming area in Bistrina Cove, 134 

eastern Adriatic Sea. 135 

A cohort of approximately 600 Mimachlamys varia was maintained in suspended culture. 136 

Scallops were divided between two culture units, each containing approximately 300 137 

individuals distributed among six plastic baskets at an initial density of 50 scallops per 138 

basket. Thus, 12 baskets were used in total. The baskets were suspended at a depth of 139 

approximately 2 m. Biofouling was removed monthly from the baskets and scallop shells 140 

to maintain comparable culture conditions throughout the study. 141 

Sampling and biometric measurements 142 

Sampling was conducted approximately twice monthly over one annual cycle. Two 143 

sampling events were generally completed each month, however only one sample was 144 

obtained in February because adverse weather prevented the second scheduled collection. 145 

Adult scallops were randomly collected from the suspended culture baskets at each 146 

sampling date. The number of individuals included in CI, GSI and histological 147 

assessments varied among sampling dates (20 per sampling). Additional smaller scallops 148 

were collected at selected sampling dates specifically to assess early gonadal 149 
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differentiation, sex expression and the minimum size at sexual differentiation. These 150 

additional small individuals were included in the histological assessment but excluded 151 

from CI and GSI analyses. Shell height and shell length were measured to the nearest 0.1 152 

mm using Vernier callipers. Total wet mass was recorded using a laboratory balance. 153 

Each scallop was opened by severing the adductor muscle, after which the soft tissues 154 

were removed and the total soft-tissue and gonad wet masses were recorded separately. 155 

Condition index and gonadosomatic index 156 

The condition index (CI) was used as an indirect indicator of whole-animal physiological 157 

condition and was calculated as: 158 CI = ௠ܹW௧  ×  100 159 

where Wm is the total soft tissue wet mass (g) and Wt is the total wet mass of the individual 160 

(g). 161 

The gonadosomatic index (GSI) was calculated as: 162 GSI = ீܹW௠  ×  100 163 

where WG is the weight of the gonad wet mass (g) and Wm is soft tissue wet mass (g). 164 

Histological processing and gonadal staging 165 

Gonad samples were removed immediately after dissection and fixed in modified 166 

Davidson’s solution. A total of 250 scallops, including the additional small specimens 167 

collected for assessment of early gonadal differentiation, were examined histologically. 168 

Following fixation, samples were dehydrated through a graded ethanol series, cleared in 169 

xylene and embedded in paraffin using an automated tissue processor (Excelsior AS, 170 

Thermo Fisher Scientific, USA). Sections of 2 µm thickness were cut using a rotary 171 

microtome (Microm HM 355S, Thermo Fisher Scientific, USA), mounted on glass slides 172 

and stained with modified Harris haematoxylin and Young’s eosin. 173 

Histological sections were examined by light microscopy at magnifications of 100× and 174 

400×. Digital images were obtained using an Axio Scan.Z1 slide scanner (Zeiss, 175 

Germany) and processed using ZEN 2.3 software. 176 

Each individual was classified histologically as male, female or hermaphroditic. A 177 

specimen was classified as hermaphroditic when both ovarian and testicular tissues were 178 

observed within the same gonadal section. Hermaphroditic gonads were further described 179 

as female-dominant or male-dominant according to the relative predominance of ovarian 180 
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or testicular tissue. Male and female gonads were assigned to one of six developmental 181 

stages: Inactive, early developing, late developing, mature, partially spawned  or 182 

spent. 183 

Gonadal stages were assigned according to follicular or acinar organisation, the relative 184 

abundance and developmental state of germ cells, the amount of interfollicular connective 185 

tissue, evidence of gamete release and the presence of residual or resorbing gametes. The 186 

classification was based on established histological criteria for bivalves, with 187 

modifications reflecting the gonadal organisation observed in M. varia (Davidson and 188 

Worms 1989; Walker and Power 2004; Barber and Blake 2016). The detailed criteria used 189 

for each male and female developmental stage are presented in Table 1. 190 

Oocyte morphometry 191 

Oocyte development was assessed quantitatively in female gonadal sections. Up to 50 192 

oocytes with clearly visible nuclei were randomly selected from each available female 193 

section. Oocyte perimeter was measured from digital histological images using ImageJ 194 

software, version 1.48, 64-bit. 195 

Individual oocyte measurements were summarised by sampling date to describe temporal 196 

variation in oocyte size. Because multiple oocytes were measured within the same female 197 

and the identity of the female from which each oocyte originated was not retained in the 198 

archived dataset, individual oocytes were not considered independent biological 199 

replicates. Consequently, oocyte-perimeter data were interpreted descriptively and no 200 

date-level inferential test or post hoc statistical grouping was applied. 201 

Environmental variables 202 

Seawater temperature (°C) and salinity (psu) were recorded daily at the culture depth 203 

using a WTW 315i multiparameter instrument (WTW, Weilheim, Germany). 204 

Water samples for chlorophyll a determination were collected at each sampling point, at 205 

the culture site. Chlorophyll a concentration was determined fluorometrically following 206 

extraction in 90% acetone according to Strickland and Parsons (1972). Concentrations 207 

were expressed as mg m⁻³. 208 

Statistical analysis 209 

Because sample sizes and variances differed among sampling dates, temporal differences 210 

in CI and GSI were evaluated using Welch’s one-way analysis of variance. When the test 211 

was significant, Games–Howell pairwise comparisons were used to identify differences 212 
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among sampling dates. Dates sharing at least one superscript letter were not significantly 213 

different, whereas dates with no letter in common differed significantly at the family-wise 214 

significance level of 0.05. 215 

Relationships between biological indices and environmental variables were assessed at 216 

the sampling-date level using Pearson correlation coefficient. Mean CI, mean GSI and 217 

mean oocyte perimeter for each sampling date were matched with the corresponding 218 

environmental values, thereby avoiding the treatment of multiple scallops or oocytes 219 

exposed to the same sampling-date conditions as independent environmental 220 

observations. 221 

All statistical tests were two-sided, and statistical significance was accepted at p < 0.05. 222 

Statistical analyses and graphical presentation were performed using GraphPad Prism 223 

version 11.0. 224 

 225 

Results 226 

Sex composition and gonadal histology 227 

Among all histologically examined scallops, including additional small individuals 228 

selectively collected to assess early sexual differentiation, 112 were male (44.8%), 125 229 

were female (50.0%) and 13 were hermaphroditic (5.2%). Males and females therefore 230 

occurred in broadly similar numbers within the examined sample. The smallest sexually 231 

differentiated individuals, with soft-tissue wet masses of 0.1–0.5 g, were male. 232 

Hermaphroditic individuals occurred at multiple sampling dates throughout much of the 233 

annual cycle, although they represented only a small proportion of the total sample.  234 

Gonadal development was classified into six stages according to follicular or acinar 235 

organisation, the abundance of connective tissue and the degree of gamete development: 236 

inactive, early developing, late developing, mature, partially spawned and spent (Table 237 

1).  238 

 239 

 240 

 241 

 242 

 243 
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Table 1 Histological criteria used to classify female and male gonadal stages in Mimachlamys 244 

varia 245 

Stage 
Development 

phase 
Female gonad (oogenesis) Male gonad (spermatogenesis) 

1 Inactive 

Undifferentiated gonadal tissue 
with abundant connective tissue; 
follicles poorly developed or 
absent; presence of undifferentiated 
oogonia. 

Irregular and poorly defined 
follicles; predominance of 
undifferentiated germ cells; 
abundant interlobular connective 
tissue. 

2 
Early 
developing 

Small oogonia and early germ cells 
attached to acinar walls; thick 
follicle walls; abundant 
interfollicular connective tissue. 

Compact clusters of spermatogonia 
lining follicle walls; early 
spermatogenic activity; presence of 
phagocytes; abundant connective 
tissue. 

3 
Late 
developing 

Enlarged, elongated or oval acini; 
increasing number of 
previtellogenic and early 
vitellogenic oocytes; thinner 
follicle walls; reduced connective 
tissue. 

Enlarged acini with spermatogonia 
along periphery and spermatocytes 
in lumen; initiation of 
spermiogenesis; reduced connective 
tissue. 

4 Mature (ripe) 

Acini fully developed and densely 
packed with polygonal vitellogenic 
oocytes; follicle walls indistinct; 
connective tissue minimal or 
absent; occasional atresia observed. 

Large acini filled with mature 
spermatozoa; well-developed 
spermatogenic layers; lumen 
densely packed with spermatozoa; 
connective tissue absent. 

5 
Partially 
spawned 

Evidence of gamete release; 
partially empty follicles; residual 
postvitellogenic oocytes; irregular 
acinar structure; reappearance of 
connective tissue. 

Partially emptied acini; lumen 
containing residual spermatozoa; 
presence of phagocytes; early 
degeneration of germinal tissue; 
connective tissue reappearing. 

6 
Spawned / 
Spent 

Collapsed, irregular acini with few 
or no remaining oocytes; extensive 
connective tissue; phagocytic 
activity prominent; signs of 
resorption. 

Reduced follicle size with large 
empty spaces; few residual 
spermatocytes; increased connective 
tissue; active phagocytosis and 
degeneration of gametes. 
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In females, progression from the inactive to mature stage was characterized by 246 

enlargement of ovarian follicles, a reduction in interfollicular connective tissue and the 247 

progressive accumulation of previtellogenic and vitellogenic oocytes (Fig. 2).  248 

 249 

Figure 2. Representative histological stages of female gonadal development in 250 

Mimachlamys varia: (A) inactive, with abundant connective tissue and poorly developed 251 

follicles; (B) early developing, with oogonia and early previtellogenic oocytes along 252 

follicular walls; (C) late developing, with enlarged acini containing previtellogenic and 253 

vitellogenic oocytes; (D) mature, with acini densely packed with polygonal vitellogenic 254 

oocytes; (E) partially spawned, with partly emptied follicles and residual oocytes; and (F) 255 
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spent, with collapsed follicles, increased connective tissue and phagocytic activity.  H&E 256 

staining, scale bar 0.1 and 0.5 mm. 257 

Mature ovaries contained densely packed polygonal vitellogenic oocytes and little 258 

remaining connective tissue. In males, maturation was characterized by expansion of the 259 

testicular acini, progressive organisation of spermatogenic cell layers and accumulation 260 

of spermatozoa within the acinar lumina (Fig. 3). Mature testes contained large acini 261 

densely filled with spermatozoa and minimal interacinar connective tissue. Partially 262 

spawned and spent gonads in both sexes contained partly emptied or collapsed follicles, 263 

residual gametes, increasing amounts of connective tissue and evidence of phagocytic 264 

activity. 265 

 266 
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Figure 3. Representative histological stages of male gonadal development in 267 

Mimachlamys varia: (A) inactive, with poorly differentiated follicles and abundant 268 

connective tissue; (B) early developing, with spermatogonia lining follicular walls; (C) 269 

late developing, with enlarged acini containing spermatocytes and early spermatids; (D) 270 

mature, with lumina densely packed with spermatozoa; (E) partially spawned, with partly 271 

emptied acini and residual spermatozoa; and (F) spent, with degenerating follicles, 272 

increased connective tissue and phagocytic activity.  H&E staining, scale bar 0.1 and 0.5 273 

mm. 274 

Both female-dominant and male-dominant hermaphroditic gonads were observed (Fig. 275 

10). Female-dominant hermaphrodites contained extensive ovarian tissue with 276 

developing or vitellogenic oocytes, whereas male-dominant hermaphrodites contained 277 

predominantly spermatogenic tissue and acini filled with spermatozoa. Hermaphrodites 278 

were also recorded among small individuals weighing 1–5 g and exhibiting early gonadal 279 

development. 280 

 281 

 282 

Figure 10. Histological sections of hermaphroditic Mimachlamys varia: (A) female-283 

dominant gonad with extensive ovarian tissue and vitellogenic oocytes; and (B) male-284 

dominant gonad with predominant spermatogenic tissue and sperm-filled acini. H&E 285 

staining, scale bar 0.1 mm. 286 

Temporal development of female gonads 287 

Female gonadal development showed a distinct seasonal pattern (Fig. 4). During August-288 

October, most females were classified as early or late developing, with growing ovarian 289 

follicles containing increasing numbers of previtellogenic and vitellogenic oocytes. The 290 

frequency of mature females increased during autumn and winter, and mature ovaries 291 

were most prominent during late winter and early spring. 292 
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 293 

 294 

Figure 4. Temporal frequency distribution of female gonadal stages in Mimachlamys 295 

varia during the annual reproductive cycle in Mali Ston Bay. Stages: 1, inactive; 2, early 296 

developing; 3, late developing; 4, mature; 5, partially spawned; and 6, spent. 297 

Partially spawned females first appeared during winter and became increasingly frequent 298 

during spring. Partially emptied follicles, residual mature oocytes and reappearing 299 

connective tissue were characteristic of this stage. Spent females were recorded mainly 300 

from spring to early summer and exhibited collapsed or irregular follicles, few residual 301 

oocytes and increased phagocytic activity. Following the principal spawning period, 302 

inactive and early developing females became more frequent, indicating the onset of a 303 

subsequent cycle of ovarian development. 304 

Temporal development of male gonads 305 

Male gonadal stages showed greater temporal overlap than female stages (Fig. 5). Inactive 306 

and early developing males predominated during late summer and early autumn. As 307 

autumn progressed, the frequency of late developing testes increased, while inactive 308 

stages became less common. 309 
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 310 

Figure 5. Temporal frequency distribution of male gonadal stages in Mimachlamys varia 311 

during the annual reproductive cycle in Mali Ston Bay. Stages: 1, inactive; 2, early 312 

developing; 3, late developing; 4, mature; 5, partially spawned; and 6, spent. 313 

Mature males were observed from November onwards and were most frequent during 314 

winter and early spring. Partially spawned males appeared during winter and became 315 

more common during spring. Spent testes were recorded predominantly during late spring 316 

and early summer and were characterized by partly or completely emptied acini, residual 317 

spermatozoa and increased connective tissue. Developing, mature and partially spawned 318 

males occurred concurrently during several sampling periods, demonstrating prolonged 319 

population-level male gametogenic activity. 320 

Environmental conditions 321 

Seawater temperature, salinity and chlorophyll a concentration varied over the annual 322 

cycle (Fig. 6). Seawater temperature declined from approximately 27 °C in late summer 323 

to a winter minimum of approximately 8.5–9.0 °C in February and subsequently increased 324 

to approximately 27 °C in July. Salinity was comparatively stable, generally ranging 325 

between approximately 34 and 38 psu, although a temporary decrease to approximately 326 

31 psu occurred in February. Chlorophyll a concentration ranged from approximately 327 

0.14 to 0.64 mg m⁻³ and showed several local maxima, particularly during autumn and in 328 

May. 329 
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330 

 331 

 332 

Figure 6. Temporal variation in (A) salinity (psu), (B) seawater temperature (°C)  and 333 

(C) chlorophyll a concentration (mg m−3) at the culture site in Mali Ston Bay. 334 

The increasing occurrence of mature gonads overlapped with declining seawater 335 

temperatures during autumn and winter. Partially spawned and spent stages became 336 
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increasingly frequent from winter through spring and early summer, during the period of 337 

minimum and subsequently increasing seawater temperature. 338 

Condition index 339 

Condition index differed significantly among sampling dates (Welch’s one-way 340 

ANOVA, F(22, 82.90) = 5.32, p < 0.001; Fig. 7; Supplementary Table S1). However, CI 341 

did not follow a simple monotonic seasonal trajectory. Mean CI ranged from 28.42 ± 342 

15.34% on 14 March to 47.21 ± 2.93% on 18 April, while most sampling-date means 343 

ranged between approximately 37 and 45%. Games–Howell pairwise comparisons among 344 

sampling dates are presented in Supplementary Table S1. No significant correlations were 345 

detected between mean CI and seawater temperature, salinity or chlorophyll a 346 

concentration at the sampling-date level (all p > 0.05). 347 

 348 

Figure 7. Temporal variation in condition index (CI) of Mimachlamys varia. Violin 349 

plots show the distribution for each sampling date; central lines and bars indicate the 350 

median and interquartile range, respectively.  351 

Gonadosomatic index 352 
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Gonadosomatic index differed significantly among sampling dates (Welch’s one-way 353 

ANOVA, F(22, 79.54) = 15.73, p < 0.001; Fig. 8; Supplementary Table S2). Mean GSI 354 

generally increased from late summer into autumn, from 5.79 ± 1.79% on 9 August to 355 

15.29 ± 5.50% on 12 October. Values fluctuated during November–January before 356 

reaching a maximum of 21.37 ± 8.27% on 18 February. GSI remained comparatively 357 

elevated on several dates during March and April, after which it declined markedly. The 358 

lowest mean GSI was recorded on 28 May (2.54 ± 2.34%), and values remained low 359 

throughout June and July. This decline coincided temporally with increasing frequencies 360 

of partially spawned and spent gonads. Mean GSI was negatively correlated with seawater 361 

temperature across sampling dates (Pearson’s correlation, r = −0.670, n = 23, p < 0.001). 362 

No significant relationships were detected between GSI and salinity or chlorophyll a 363 

concentration (both p > 0.05). 364 

 365 

Figure 8. Temporal variation in gonadosomatic index (GSI) of Mimachlamys varia. 366 

Violin plots show the distribution for each sampling date; central lines and bars indicate 367 

the median and interquartile range, respectively. 368 

Oocyte perimeter 369 
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Oocyte-perimeter measurements are presented descriptively because multiple oocytes 370 

were measured within individual females and female identifiers were not retained in the 371 

archived dataset (Fig. 9; Supplementary Table S3). Mean oocyte perimeter varied from 372 

0.10 ± 0.01 mm on 23 July to 0.20 ± 0.04 mm on 18 April. Relatively high mean values 373 

were also recorded on 25 November and 14 December (both approximately 0.19 mm), 374 

whereas lower values were recorded on 14 March and 15 May (both approximately 0.12 375 

mm). The temporal distribution of oocyte perimeter was characterized by alternating 376 

higher and lower values rather than by a single progressive increase followed by a 377 

uniform post-spawning decline.  378 

 379 

Figure 9. Temporal variation in oocyte perimeter (mm) in female Mimachlamys varia. 380 

Violin plots show the distribution for each sampling date; central lines and bars indicate 381 

the median and interquartile range, respectively. 382 

 383 

Discussion 384 

To our knowledge, this study provides the first integrated histological assessment of the 385 

reproductive cycle, sex composition and hermaphroditism of Mimachlamys varia in the 386 
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eastern Adriatic Sea. Gonadal histology, gonadosomatic index (GSI), condition index 387 

(CI), oocyte morphometry and environmental monitoring collectively indicated a 388 

prolonged and asynchronous reproductive cycle. Male gametogenic activity extended 389 

across much of the year, whereas female maturation was concentrated during autumn and 390 

winter, followed by an increasing occurrence of partially spawned and spent stages from 391 

winter to early summer. GSI increased during gonadal development and declined 392 

markedly during the main period of gamete release. The substantial temporal overlap 393 

among developing, mature, partially spawned and spent gonads is therefore consistent 394 

with repeated partial spawning rather than a single synchronized reproductive event. 395 

The pattern observed in Mali Ston Bay is compatible with the reproductive plasticity 396 

previously reported for Atlantic M. varia, although its timing and duration differed among 397 

locations. In the Bay of Brest, partial spawning was followed by renewed gonadal 398 

development and subsequent gamete release (Shafee and Lucas 1980), while spawning 399 

and settlement varied among years on the west coast of Ireland (Burnell 1991). In Galicia, 400 

depth-related differences in temperature and food conditions were associated with 401 

reproductive development and reserve-storage cycles (Iglesias et al. 2012). Extended or 402 

variable reproductive activity also occurs in other pectinids and Adriatic bivalves 403 

(Cantillánez et al. 2005; Mladineo et al. 2007; Crnčević et al. 2013), but species exposed 404 

to similar environmental regimes can follow markedly different reproductive and energy-405 

allocation strategies (Ezgeta-Balić et al. 2022). The productive and seasonally variable 406 

conditions of Mali Ston Bay may therefore support several reproductive strategies rather 407 

than imposing a single spawning schedule. Thus, the prolonged and comparatively 408 

unsynchronized cycle recorded here appears biologically plausible for M. varia, while 409 

differences in sampling design, culture conditions, histological classification and study 410 

year limit direct comparisons among populations. 411 

Temporal spreading of gamete release could increase the probability that at least some 412 

larvae encounter favourable conditions for feeding, dispersal and settlement and may 413 

therefore act as a form of temporal risk spreading. However, this adaptive interpretation 414 

cannot be demonstrated from gonadal histology alone because larval abundance, survival, 415 

dispersal and recruitment were not measured. A prolonged population-level spawning 416 

period may also result from variation among individuals in size, physiological condition, 417 

reproductive history or local food exposure rather than from a coordinated bet-hedging 418 
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strategy. The results therefore demonstrate temporal reproductive heterogeneity, but its 419 

consequences for recruitment remain to be tested directly. 420 

Male and female reproductive development differed clearly. Mature males appeared 421 

earlier and remained present for a greater portion of the annual cycle, whereas female 422 

maturation was more concentrated and was followed by a clearer increase in partially 423 

spawned and spent stages. This pattern may partly reflect the greater energetic investment 424 

required for the production of yolk-rich oocytes than for spermatozoa, because 425 

vitellogenesis depends on the acquisition or mobilisation of proteins, lipids and essential 426 

fatty acids (Barber and Blake 2016). Males may consequently maintain reproductive 427 

readiness under a broader range of physiological conditions, while female maturation may 428 

be more strongly constrained by body size and energetic status. Earlier male maturation 429 

has also been reported in Pinna nobilis cultured in Mali Ston Bay, although that species 430 

principally spawns under rising spring and summer temperatures (Kožul et al. 2024), 431 

illustrating species-specific responses to a shared environment. 432 

The sex-composition data are consistent with protandric sex expression in M. varia. 433 

Males and females occurred in broadly similar numbers in the examined sample; 434 

hermaphrodites represented 5.2%, and the smallest sexually differentiated individuals 435 

were male. This agrees with age-related protandry in Atlantic M. varia, in which younger 436 

or smaller scallops function predominantly as males and female expression becomes more 437 

frequent with increasing age and size (Burnell 1995). It is also consistent with the size-438 

advantage model: increasing body size can substantially increase potential egg 439 

production, whereas male reproductive success may be less strongly size-dependent, 440 

favouring initial male function followed by female function (Ghiselin 1969). 441 

These observations do not, however, prove protandric sex change. The study was cross-442 

sectional, individual scallops were not followed through a male-to-female transition, and 443 

small individuals were selectively added to assess early differentiation. The overall counts 444 

therefore describe the examined sample rather than an unbiased population sex ratio; a 445 

formal assessment of sex parity would require random sampling within comparable size 446 

classes. Female-dominant and male-dominant hermaphroditic gonads may represent 447 

different transitional states, but neither the direction nor the permanence of change can 448 

be inferred from a single histological observation. Hermaphrodites occurred at several 449 

sampling dates rather than being restricted to one narrow period, which is compatible 450 
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with asynchronous transition among individuals, but only 13 were identified and 451 

statistical power to assess seasonality was limited. Detection may also depend on section 452 

number and anatomical position if ovarian and testicular tissues are unevenly distributed 453 

within the gonad. Systematic sampling across body-size classes and examination of 454 

multiple sections per individual would provide more reliable estimates of 455 

hermaphroditism and its relationships with size and season. 456 

Temperature was the environmental variable most clearly associated with reproductive 457 

development. Mean GSI was negatively correlated with seawater temperature, 458 

histological maturation progressed as temperatures declined during autumn and winter, 459 

and GSI reached its maximum near the winter temperature minimum. Partially spawned 460 

and spent gonads then became more frequent from winter through spring and early 461 

summer. Thus, cooling coincided with gonadal development, while gamete release 462 

extended across both low and subsequently increasing temperatures. 463 

This correlation should not be interpreted as evidence that declining temperature directly 464 

initiated gametogenesis. Temperature covaried with photoperiod, food conditions and 465 

other unmeasured seasonal factors, and a one-year observational study cannot separate 466 

their independent effects or establish causality. Bivalve reproduction is generally 467 

regulated by interactions among thermal history, food supply, endogenous rhythms and 468 

physiological condition rather than by a single environmental variable (Sastry 1979; 469 

Gosling 2003; Barber and Blake 2016). Atlantic M. varia likewise responds to 470 

combinations of temperature, depth and food availability (Iglesias et al. 2012). 471 

Pronounced seasonal variation has also been recorded in reproductive and physiological 472 

indices of Adriatic Pecten jacobaeus (Topić Popović et al. 2021; Šebalj et al. 2026), 473 

whereas Pinna nobilis in Mali Ston Bay enters its principal spawning period under rising 474 

spring and summer temperatures (Kožul et al. 2024). These contrasting responses indicate 475 

that temperature acts within a species-specific reproductive framework rather than as a 476 

universal spawning trigger for Adriatic bivalves. 477 

The absence of significant relationships between GSI and contemporaneous chlorophyll 478 

a, or between GSI or CI and salinity, should also be interpreted cautiously. A temporal 479 

lag may separate food uptake and reserve accumulation from subsequent investment in 480 

gonadal tissue. In addition, chlorophyll a is a broad proxy for phytoplankton biomass and 481 

does not reflect taxonomic composition, particle size, digestibility, essential fatty-acid 482 
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availability or non-phytoplankton particulate matter. Reproductive development may 483 

consequently depend more strongly on cumulative food exposure and stored reserves than 484 

on chlorophyll a measured at the sampling date (Darriba et al. 2005; Joaquim et al. 2011; 485 

Barber and Blake 2016). Salinity was comparatively stable apart from a temporary winter 486 

decrease and may not have varied sufficiently to reveal a response. The findings therefore 487 

indicate no detectable relationships within the temporal resolution and environmental 488 

ranges studied, rather than demonstrating that food availability or salinity has no 489 

reproductive influence. Higher-resolution food measurements, lagged analyses and 490 

experimental exposure to a broader salinity range would be required to test these 491 

possibilities. 492 

Among the quantitative indicators, GSI corresponded most closely with histological 493 

development. Its autumn-winter increase reflected gonadal growth, while the marked 494 

decline from May onward coincided with increasing frequencies of partially spawned and 495 

spent gonads. Nevertheless, GSI alone cannot distinguish fully mature tissue from 496 

partially evacuated follicles or residual gametes. Its agreement with histology supports its 497 

usefulness for seasonal monitoring, but histological validation remains necessary for 498 

accurate staging. 499 

Oocyte perimeter alternated between higher and lower values rather than showing a single 500 

progressive increase followed by a uniform post-spawning decline. This heterogeneity is 501 

compatible with overlapping cohorts of developing and mature oocytes, partial gamete 502 

release and renewed oogenesis during an extended reproductive period. Similar 503 

persistence of developed oocytes has been reported in Pecten maximus (Duinker and 504 

Nylund 2002). However, because several oocytes were measured within each female and 505 

female identity was not retained, the measurements were not independent biological 506 

replicates and were appropriately interpreted descriptively. Future analyses should retain 507 

individual identity and use female-level summaries or mixed-effects models with oocytes 508 

nested within females. 509 

CI varied among sampling dates but did not show the progressive decline expected if 510 

somatic reserves were continuously transferred to the gonad. The lowest mean occurred 511 

in mid-March, followed by a rapid recovery and the maximum value in April. This 512 

irregular trajectory may reflect reproductive expenditure, short-term feeding conditions, 513 

tissue hydration, body-size composition or other physiological processes, and the March 514 
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decrease cannot be attributed specifically to reserve mobilisation. Because CI was 515 

calculated from wet tissue and total body mass, it is an indirect and potentially variable 516 

measure of energetic condition. Studies in M. varia and other bivalves show that 517 

gametogenesis may be supported by different combinations of recently assimilated food 518 

and stored glycogen, proteins and lipids (Darriba et al. 2005; Mladineo et al. 2007; 519 

Joaquim et al. 2011; Iglesias et al. 2012). Direct measurements of glycogen, proteins, 520 

total lipids and fatty-acid composition would therefore be needed to determine how 521 

reserve use contributed to the present reproductive cycle. 522 

The reproductive schedule has practical implications for broodstock management. 523 

Advanced gonadal development was most frequent from late autumn through early 524 

spring, identifying this period as the most promising window for collecting mature or 525 

near-mature broodstock. The prolonged cycle may broaden the collection window, but 526 

population-level asynchrony and partial spawning may make it difficult to obtain 527 

synchronized batches. Histological or validated non-lethal assessment of individual 528 

reproductive status could therefore improve broodstock selection before conditioning or 529 

spawning induction. Such information is increasingly used to guide hatchery planning in 530 

scallop aquaculture (Uriarte et al. 2001; Budiyati et al. 2025). However, egg quality, 531 

fertilization, larval development and spat production were not evaluated so the present 532 

results cannot establish that autumn-winter collection will maximize hatchery 533 

performance. Controlled conditioning experiments are required to test how collection 534 

stage, temperature and diet affect spawning synchrony, gamete quality and larval 535 

survival. 536 

The findings should be interpreted within the defined scope of the study. Sampling at a 537 

single culture site over one annual cycle provided a detailed seasonal description of 538 

reproduction under consistent suspended-culture conditions, although reproductive 539 

timing may vary among years, locations, depths, culture systems and natural populations. 540 

The inclusion of smaller individuals enabled assessment of early sexual differentiation, 541 

while the observed sex proportions should be regarded as descriptive of the sampled 542 

material rather than as population-level estimates. Environmental observations focused 543 

on temperature, salinity and chlorophyll a and therefore did not capture the potential 544 

contribution of factors such as food quality, particulate organic matter, hydrodynamics 545 

and photoperiod. These considerations do not alter the principal evidence for a prolonged 546 
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and asynchronous reproductive cycle but indicate that multi-year and multi-site studies 547 

would be valuable for evaluating the broader generality of the observed patterns. 548 

Conclusion 549 

This study provides an integrated histological description of the annual reproductive cycle 550 

of Mimachlamys varia under suspended culture in the eastern Adriatic Sea. Gonadal 551 

development was prolonged and asynchronous, with maturation occurring predominantly 552 

during autumn and winter and partially spawned and spent stages becoming more 553 

frequent from winter to early summer. GSI reflected this temporal pattern and was 554 

negatively associated with seawater temperature, whereas CI showed a less consistent 555 

seasonal trajectory. The smallest sexually differentiated specimens were male, and low-556 

frequency hermaphrodites occurred at multiple sampling dates, a pattern consistent with, 557 

but not definitive evidence of, protandric sex change. These findings identify late autumn 558 

to early spring as a promising period for obtaining broodstock with advanced gonadal 559 

development. Controlled conditioning and spawning experiments are now required to 560 

determine whether this reproductive window improves gamete quality, larval 561 

performance and hatchery reliability. 562 
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Supplementary  705 

 706 

Sampling 

date 

CI 

Mean ± SD 

(%) 

Statistical 

group 

09.08 42.74 ± 4.03 abd 

26.08 38.31 ± 1.85 ce 

13.09 33.31 ± 10.99 abcde 

28.09 39.03 ± 2.67 bce 

12.10 41.57 ± 9.79 abcde 

26.10 39.33 ± 4.70 bcde 

11.11 38.48 ± 3.07 bce 

25.11 38.49 ± 4.96 bcde 

14.12 43.27 ± 5.01 abcde 

28.12 42.55 ± 4.61 abcde 

13.01 44.11 ± 3.80 ad 

27.01 41.08 ± 4.78 abcde 

18.02 44.53 ± 5.49 abcd 

14.03 28.42 ± 15.34 bcde 

28.03 42.83 ± 4.98 abcde 

18.04 47.21 ± 2.93 a 

26.04 43.34 ± 9.75 abcde 

15.05 39.71 ± 2.81 bcde 

28.05 37.05 ± 2.93 e 

06.06 38.56 ± 3.48 bcde 

27.06 38.69 ± 5.26 bcde 

10.07 41.67 ± 3.94 abcde 

23.07 41.54 ± 4.21 abcde 

 707 

S1. Condition index (CI) of Mimachlamys varia by sampling date. Values are mean ± 708 

SD. Different superscript letters indicate pairwise differences according to Welch’s 709 

ANOVA and Games–Howell pairwise comparisons (p < 0.05). 710 

 711 
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 713 

 714 

 715 
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 716 

Sampling 

date 
GSI  

Mean ± SD (%) 
Statistical 

group 

09.08 5.79 ± 1.79 cdefh 

26.08 5.27 ± 1.66 defh 

13.09 10.46 ± 4.44 abcdefgh 

28.09 10.70 ± 1.50 abg 

12.10 15.29 ± 5.50 ab 

26.10 13.31 ± 3.34 ab 

11.11 9.40 ± 3.20 bcdg 

25.11 8.82 ± 5.14 abcdefgh 

14.12 10.62 ± 4.21 abcdfg 

28.12 9.04 ± 3.12 bcdg 

13.01 10.79 ± 6.41 abcdefg 

27.01 15.01 ± 5.95 ab 

18.02 21.37 ± 8.27 a 

14.03 13.67 ± 5.40 ab 

28.03 10.02 ± 7.89 abcdefgh 

18.04 14.45 ± 4.26 abc 

26.04 11.37 ± 4.79 abcdefg 

15.05 6.56 ± 4.42 cdefh 

28.05 2.54 ± 2.34 h 

06.06 5.05 ± 3.17 defh 

27.06 4.61 ± 4.73 defgh 

10.07 3.21 ± 2.44 eh 

23.07 4.31 ± 1.97 efh 

 717 

S2. Gonadosomatic index (GSI) of Mimachlamys varia by sampling date. Values are 718 

mean ± SD. Different superscript letters indicate pairwise differences according to 719 

Welch’s ANOVA and Games–Howell pairwise comparisons (p < 0.05). 720 
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Sampling 

date 

Oocyte 

perimeter 

Mean ± SD 

(mm) 

09.08 0.18 ± 0.05 

26.08 0.16 ± 0.02 

13.09 0.18 ± 0.05 

28.09 0.17 ± 0.02 

12.10 0.16 ± 0.03 

26.10 0.18 ± 0.02 

11.11 0.15 ± 0.03 

25.11 0.19 ± 0.02 

14.12 0.19 ± 0.02 

28.12 0.15 ± 0.04 

13.01 0.18 ± 0.03 

18.02 0.16 ± 0.02 

14.03 0.12 ± 0.03 

28.03 0.17 ± 0.03 

18.04 0.20 ± 0.04 

26.04 0.17 ± 0.03 

15.05 0.12 ± 0.02 

28.05 0.14 ± 0.02 

06.06 0.17 ± 0.02 

27.06 0.18 ± 0.02 

10.07 0.18 ± 0.01 

23.07 0.10 ± 0.01 
 727 

S3. Oocyte perimeter (mm) in female Mimachlamys varia by sampling date. Values are 728 

mean ± SD.  729 
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Highlights 738 

• First integrated histological characterization of reproduction in Mimachlamys 739 

varia from the eastern Adriatic Sea. 740 

• Gonadal development was prolonged and asynchronous, with histological 741 

patterns consistent with repeated partial spawning. 742 

• GSI was negatively associated with seawater temperature, but not with salinity or 743 

contemporaneous chlorophyll a. 744 

• The smallest sexually differentiated scallops were male, while low-frequency 745 

hermaphrodites occurred at multiple sampling dates. 746 

• The reproductive schedule identifies seasonal windows relevant to broodstock 747 

collection and hatchery conditioning. 748 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Supplementary.docx

https://assets-eu.researchsquare.com/files/rs-10768230/v1/3c798b78d2ea406e763fd790.docx

	Sex composition and gonadal histology
	Among all histologically examined scallops, including additional small individuals selectively collected to assess early sexual differentiation, 112 were male (44.8%), 125 were female (50.0%) and 13 were hermaphroditic (5.2%). Males and females theref...
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