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The relationship between sex 
change and reproductive success in 
a protandric marine gastropod
Antonio Brante1,2, Adriana Quiñones1 & Francisco Silva1

Protandric species switch sex during their lifetime. According to theory, the time (body size) at 
which sex change occurs is determined by the reproductive success of individuals affected by social 
interactions as well as by post-copulatory factors. Experimental evidence is biased to few social systems 
making the exploration of general patterns difficult. We used the protandric marine gastropod Crepidula 
coquimbensis that partakes in intrabrood sibling cannibalism to test the following hypotheses: 1. 
Male-male competition for access to females and sibling cannibalism determine male reproductive 
success; 2. Males with greater access to females and with higher reproductive success will have reduced 
growth rates and will delay sex change. Artificial aggregations with different social structures were 
constructed and male reproductive success was estimated by paternity analysis. The results supported 
our expectations showing that male competitive ability for access to the female, time spent by males 
in the copulatory position, and sibling cannibalism affect reproductive success and influence time to 
sex change, with less successful males hastening sex change. Also, males that spent more time in the 
copulatory position had reduced growth rates. Comparing these results with those reported for other 
sequential hermaphrodites provides evidence supporting general patterns of sex change in nature.

The wide diversity of reproductive strategies observed in nature has prompted the study of factors driving the 
evolution of this diversity. Sequential hermaphroditism (sex change over time) has been observed in many marine 
taxa from various phylogenetic origins1. According to the size-advantage hypothesis, sex change is favored by 
natural selection where reproductive success increases more quickly with size (or age) for one sex compared to the 
other2,3. It is predicted that sex change occurs at the size (or age) where the reproductive success curves of males 
and females intersect3,4. Thus, evaluating the factors that affect reproductive success is of primary importance in 
understanding the evolution of sex change.

Experimental studies of the evolution and diversity of sequential hermaphroditism have been biased towards 
protogynous fishes (sex change from female to male)5–7 and to a lesser extent to protrandrous shrimps (sex change 
from male to female)8,9. Studies of these groups suggest that the strength of social interactions drive sex changes 
with individuals delaying or accelerating sex change in order to increase reproductive success10–13. In contrast, 
evidence from the literature indicates that sex changes in protandrous mollusks are less complex14. For example, 
the body size of three protandric gastropod species has been shown to be the same at the time of sex change 
regardless of differences in the populations’ mean body size, density, and sex ratio14. In the same study, growth 
rate was found to have an important effect on the timing of sex change where males with high initial growth rates 
change sex sooner and at smaller sizes than those with slower initial growth rates. The authors of this study14 
argue that this apparent simplicity could be the product of three factors: (1) differences in the evolution of pro-
togyny in fishes and protandry in mollusks, (2) differences in the complexity of behavior exhibited by vertebrates 
and invertebrates, and/or (3) biases due to the focus of research efforts on fishes and other groups. The same 
authors highlight that analyses at small scales may be useful for uncovering underlying variability in sex change 
at population scales. Despite the work mentioned, the lack of information on sequential hermaphrodism in other 
social systems prevents the explicit evaluation of different hypotheses concerning the evolution of this reproduc-
tive strategy. Consequently, it is difficult to determine the real diversity of behavioral responses that occur as a 
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result of sex change. In this context, marine protandric mollusks provide a relevant study model for understand-
ing the evolution of sequential hermaphroditism in nature.

Studies of the factors affecting sequential hermaphroditism in general, and protandry in particular, must 
include the study of mating systems15–17. Copulatory behavior, male-male competition, sperm storage, and sperm 
competition determine the present and future reproductive output of polyandrous species, and thus these factors 
shape the reproductive curve18. One of the greatest limitations to studying the link between mating behavior 
and sex change is the lack of reliable estimators of effective individual reproductive success; this is especially the 
case for species with complex mating behaviors. Female reproductive success, in terms of the number of eggs/
offspring produced, is in general easy to quantify. In contrast, the quantification of male reproductive success 
presents a methodological challenge for researchers given the difficulty of estimating male fertilization success. 
Usually, male reproductive success is quantified based on observations of copulation success. Subsequently, 
post-copulatory events such as sperm competition or sibling competition are often ignored17,19–21. In protogy-
nous fish species, sperm competition may significantly bias the expected results of classical models of sequential 
hermaphroditism6,7. Fortunately, the development of molecular techniques has facilitated the study of reproduc-
tion; in particular, paternity analysis using microsatellite loci has been a useful tool to test different hypotheses in 
sex-changing species.

Crepidula coquimbensis (Calyptraeidae; Fig. 1) is a protandric marine gastropod with internal fertilization. 
Females encapsulate, lay, and brood 10–32 ovicapsules containing 45–121 eggs22. These ovicapsules are brooded 
for approximately 40 days between the female’s neck and foot22. C. coquimbensis is a direct developer which 
means that juveniles hatch from the capsules at the end of the incubation time. This species is gregarious; a male 
can often be seen on the right side of the shell of the female close to the genital papilla in the copulatory position. 
Usually, aggregations are formed by one female and two to six males cohabiting empty shells of other marine 
snails such as Tegula atra and Argobuccinum sp. As such, there is likely a strong bias in the sex ratio of the aggre-
gations which is in agreement with theoretical models for protandric organisms17,23. Males that are not in the 
copulatory position are highly mobile, meanwhile females are sedentary and encapsulate and brood their eggs.

Studying two populations of C. coquimbensis, Brante and collaborators24 found that the timing of sex change 
may depend on local population conditions; body size at sex change was negatively correlated with the number of 
males in the aggregation and the aggregation sex ratio24. In another study, paternity analyses using microsatellite 
markers indicated that most of the males in the aggregation participated in the brood but with different percent-
ages of contribution25. Also, the percentage of male participation did not differ among ovicapsules within a brood 
suggesting that females of C. coquimbensis mix the sperm before egg fertilization25.

Figure 1. (a) Photographs of C. coquimbensis showing anatomical details of individuals at the male stage and 
transitional stage (changing from male to female). (b) One female and two males (individuals with red and blue 
spots) inside of a host shell of the marine gastropod Tegula sp. (c) A close up of the individuals inside the host 
shell. (d) Plastic boxes used to maintain the experimental aggregations of C. coquimbensis.



www.nature.com/scientificreports/

3Scientific RepoRts | 6:29439 | DOI: 10.1038/srep29439

Embryos of C. coquimbensis have been shown to cannibalize siblings as intracapsular development pro-
gresses22,26. Cannibal embryos engulf, store, and digest capsule mates during embryonic development22,26. 
Approximately 10% of individuals survive the cannibalism and hatch as juveniles at the end of the ovicapsular 
period22. According to previous molecular studies, sibling cannibalism is not a random behavior in this species, 
and siblings from specific crosses show higher cannibalistic success than other combinations26. The high occur-
rence of multiple paternity in this species and the non-random cannibalistic behavior of embryos suggest that 
male reproductive success is not necessarily correlated with copulatory success or sperm competition success. In 
light of this evidence, we hypothesize for C. coquimbensis that: 1. Male-male competition for access to females 
(pre-copulatory factor) and intracapsular sibling cannibalism (post-copulatory factor) determines male repro-
ductive success; 2. Males with greater access to the females for copulation (time in the copulatory position) and 
with higher reproductive success will have reduced growth rates and will delay sex change.

Results
To test the different hypotheses proposed, experimental aggregations of C. coquimbensis with different social 
compositions were followed in the laboratory: i) 1 Female (F)+ 1 Male (M), ii) 1F+ 2M, iii) 1F+ 4M, iv) 1M and v) 
2M. Male growth rate, time spent by different males on the female in the copulatory position, male reproductive 
success, and the time to, and body size at, sex change were recorded for two consecutive ovicapsule laying events 
and until the first male sex change occurred. Male reproductive success was estimated by conducting paternity 
analyses on embryos from two consecutive ovicapsule laying events. The main statistics and the probability of 
exclusion for the five microsatellite loci used for the paternity analysis are reported in Table 1. All females were 
virgins, since the results of the 1F+ 1M treatment indicated that the available male fathered all embryos in the 
brood. Paternity analyses performed on treatments 1F+ 2M and 1F+ 4M corroborated multiple paternity in this 
species.

The effect of pre- and post-copulatory factors on male reproductive success. To test the hypoth-
esis that male-male competition for access to females and intracapsular sibling cannibalism determine male 
reproductive success in C. coquimbensis, three lines criteria were examined: first, for all of the experimental aggre-
gations where a female was present (1F+ 1M, 1F+ 2M and 1F+ 4M), we compared the number of males observed 
in the copulatory position and the number of males participating in paternity at pre- and post-cannibalism stages; 
second, we compared the reproductive success of males in terms of % of contribution to the brood, before and 
after cannibalism. Third, we evaluated if access to females in terms of time that the males spent in the copulatory 
position is a good predictor of male reproductive success.

Records on the behavior of males showed that at least one male was observed in the copulatory position dur-
ing the experiment. For all of the 1F+ 1M treatment replicates, the male assumed the copulatory position with 
the female. Meanwhile, in 60% of the replicates for the 1F+ 2M treatment, both males independently assumed the 
copulatory position with the female. In the 1F+ 4M treatment, two males independently assumed the position 
with the female in 80% of replicates, and in the remaining cases, three males were observed in the copulatory 
position during the entire experimental period. The time spent by a male on the female was highly variable within 
and between treatments: the maximum time spent on the female was 276 days in the 1F+ 1M treatment, while the 
mean time spent was 75.1 (± 84.12 SD), 136.4 (± 86.16 SD), and 267 (± 70.01 SD) days for the 1F+ 4M, 1F+ 2M, 
and 1F+ 1M treatments, respectively.

Results of the 1F+ 2M treatment indicated there was no significant difference in the number of participant 
males between the different stages (copulatory position, and pre- and post-cannibalism) in the first laying event 
nor in the second event (P >  0.027 in all cases; Fig. 2A); however, there was a difference between the number of 
males observed in the copulatory position and the number of males participating as fathers in the pre-cannibalism 
stage for the first laying event (paired-samples t-Test: t =  − 3.67, df =  9, P <  0.027; Fig.  2A). For the  
1F+ 4M treatment during the first laying event, on average, there was evidence for an increase in the number of 
males recorded in the copulatory position and the number of males fathering embryos at the pre-cannibalism 
stage (paired-samples t-Test: t =  − 3.20, df =  9, P <  0.025; Fig. 2B). However, significantly fewer males were 

Locus Na He Ho PHW Pexcl

CcoqAC2F4 15 0.813 0.799 0.711 0.401

CcoqCT1D10 25 0.722 0.786 0.582 0.562

CcoqCT1F4 28 0.890 0.912 0.311 0.790

CcoqCT1H5 17 0.935 0.899 0.421 0.498

CcoqCT3F2 19 0.868 0.908 0.274 0.810

Over all loci 20.8 0.845 0.854 0.461 0.982

Standard deviation 4.9 0.081 0.072

Table 1.  Polymorphism of the five microsatellite loci for the 130 adults (males and females from all 
experimental aggregations) used for the paternity analysis. Locus name, number of observed alleles (Na), 
unbiased expected (He) and observed (Ho) heterozygosity are indicated for each locus and over the 5 loci 
used. The probability value of an exact test for the null hypothesis of Hardy-Weinberg equilibrium (PHW) and 
the exclusion probability (Pexcl, at 95% of confidence level) defined as the probability of excluding a randomly 
chosen unrelated candidate parent from parentage given the genotype of the offspring and of the mother are 
indicated for each locus and over all loci.
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detected as fathers after cannibalism than were detected pre-cannibalism (paired-samples t-Test: t =  2.68, df =  9, 
P <  0.025; Fig. 2B). A similar pattern was observed for the second laying event (in both cases P <  0.025; Fig. 2B).

As we expected, intracapsular sibling cannibalism not only may affect the number of males participating in 
the brood but also the relative contribution of different males. The different percentages of contribution of males 
at pre- and post-cannibalism stages in treatments 1F+ 2M and 1F+ 4M oscillated between positive and negative 
values (Fig. 3). This means that some males were overrepresented (positive values) in the brood after cannibalism, 
with offspring from specific parental crosses having higher cannibalistic abilities than others. These results sug-
gest that intracapsular sibling cannibalism affects the reproductive success of C. coquimbensis males in different 
ways.

The General Lineal Model run on the percentage of male participation (considering both laying events) 
with social composition as a fixed factor, and time spent by the males in the copulatory position as a covariable, 
explained 64% of the observed variance. Results showed that only the time in the copulatory position was sig-
nificant (F1,24 =  30.8, P <  0.001). In accordance with our expectations, the positive coefficient of the time in the 
copulatory position covariable (0.44) indicated that C. coquimbensis males with higher competitive abilities to 
monopolize the female in copulation have higher reproductive success than other less competitive males in the 
aggregation, and this is irrespective of the social composition structure (Fig. 4).

Male reproductive success, growth rate and sex change strategy. To test the hypothesis that males 
with greater access to females for copulation and with higher reproductive success will have reduced growth rates 
and will delay sex change, we measured the relationship between growth rate and time in the copulatory position, 
male reproductive success, and time to sex change in the different social composition treatments. The results 
showed that the growth rate of the first male to change sex in the aggregation was highly variable within and 
between treatments ranging from 0.002 to 0.044 mm/day for the five treatments, with the highest rates observed 
in the 1M treatment (Fig. 5A).

The General Lineal Model run to evaluate the effect of time in the copulatory position on male growth rate for 
the different social composition treatments where a female was present, explained 68% of the observed variance. 
Social composition as a fixed factor, time in the copulatory position as a covariable, and the interaction between 
both of these, were significant (GLM: Social composition (SC): F2,64 =  5.91, P <  0.01; Time in the copulatory posi-
tion (TCP): F1,64 =  P <  0.001; SC ×  TCP: F2,64 =  P <  0.001). The lowest growth rates were observed in the 1F+ 1M 

Figure 2. Number of C. coquimbensis males observed in the copulatory position in the treatments 1F+2M, 
1F+4M. Also, the number of males fathering the brood, estimated from paternity analysis, is presented. 
Estimates include two ovicapsule laying events and before and after embryonic cannibalism. Vertical lines on 
each bar correspond to 1 standard deviation.
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treatment where no male-male competition existed, and where the single male present in the aggregation passed 
most of its time on the female in the copulatory position (Fig. 5B). As a general pattern and as we hypothesized, 
the negative coefficient of the time in the copulatory position covariable (− 0.0001) indicates that there is an 
inverse relationship between male growth rate and the time spent by the male on the female in the copulatory 
position; males grew slower when they were in the copulatory position.

The time that it took for a sex change to occur varied significantly within and between treatments. As we 
expected, the fastest sex changes were observed in the two treatments where females were absent (1M and 
2M; male reproductive success =  0), with means of 55.04 and 53.6 days, respectively. Meanwhile, the slowest 
sex change, 93.3 days on average, occurred in the 1F+ 2M treatment (One-way ANOVA: F4,45 =  97.83, P <  0.01; 
Tukey a posteriori test P <  0.05; Fig. 6A). Interestingly, there was a narrow range of shell sizes at which sex change 
occurred; body size was between 6.24 and 9.33 mm on average. Furthermore, the largest significant body size 
at sex change was observed in the 1F +  1M treatment (F4,45 =  4.50, P <  0.01; Tukey a posteriori test P <  0.05; 
Fig. 6B). As we hypothesized, the Fisher’s exact tests show that there is a significant relationship between the 
ranking of time to change sex and the ranking of male reproductive success; males with lower reproductive 
success changed sex sooner than successful males (Fisher’s exact test: 1F+ 2M: Pre-cannibalism: χ 2 =  5, df =  1, 

Figure 3. Change in the reproductive success of C. coquimbensis males during intracapsular development 
as a product of embryo cannibalism. Positive values represent an increase in participation in fathering the 
brood; negative values represent a decrease in participation in fathering the brood.

Figure 4. The relationship between the time spent by males in the copulatory position and male 
reproductive success in terms of its relative contribution to the brood measured after embryo cannibalism 
for C. coquimbensis. Results for treatments 1F+ 2M and 1F+ 4M are shown.
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P <  0.05; Post-cannibalism: χ 2 =  10.21, df =  1, P <  0.05. 1F +  4M: Pre-cannibalism: χ 2 =  24.74, df =  3, P <  0.05; 
Post-cannibalism: χ 2 =  22.25, df =  3, P <  0.059; Fig. 7).

Discussion
This is the first work providing direct evidence of the relationship between social interactions, male reproductive 
success, and the timing of sex change for a protandric gastropod. In C. coquimbensis, the timing of and the body 
size at which sex change occurs were found to be plastic and varied according to the social interactions that the 
individual experienced in the aggregation. More specifically, results supported our hypotheses that reproductive 
success and the timing of sex change is determined by male competitive ability for access to females for copula-
tion and intracapsular sibling cannibalism. As a general pattern, we found that males that spent more time in the 
copulatory position had higher reproductive success, lower growth rates, and delayed sex change in comparison 
with less successful males which changed sex sooner.

The variance and invariance of body size at sex change has been largely discussed in the literature16,27–32. 
Within the calyptraeid group, body size at sex change observed at intra- and inter-specific levels is highly vari-
able30. According to Collin33, such variability may be explained by differences in the characteristics of the social 
aggregations that individuals experience during their lifetime. This, in turn, may affect male reproductive success 

Figure 5. (A) Growth rate (mm/day) of the first C. coquimbensis male to change sex observed in the different 
experimental treatments. Vertical lines on each bar correspond to 1 standard error. (B) Relationship between 
growth rate and time in days that the males spent on the female in the copulatory position in three social 
composition treatments where a female was present.

Figure 6. The average time (A) and body size (B) at which sex change occurred for C. coquimbensis males 
placed in differing social aggregations. Vertical lines on each bar correspond to 1 standard deviation.
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and the optimal size for a sex change. Here we found that the body size of the first male that changed sex in the 
aggregation varied according to the social configuration of the aggregation. Moreover, when the remaining males 
of the group were considered, the body size at sex change varied even more; sex change occurred in individuals 
that were between 6.24 and 12.4 mm in size, which corresponds to 20–41% of the maximum body size observed 
for this species (30 mm approximately in this study and in Véliz et al.22). The largest sizes at time of sex change 
were recorded in males of treatment 1F+ 1M where no male competition for the female occurred, and a single 
male monopolized the female in the copulatory position. In this way, the results presented here suggest that when 
a female is not present or is more or less monopolized by another male (high levels of male-male competition), C. 
coquimbensis will change sex at smaller body sizes than when competition is low.

Male growth rate varied greatly, between 0.0006 and 0.01 mm/day. As we expected, growth rate was negatively 
affected by the time that the male spent on the female in the copulatory position. Other studies of calyptraeidae 
species have shown that male growth rate and time to sex change is influenced by the presence of a female in the 
aggregation. For example, Crepidula fornicata males kept in isolation from females change sex at smaller sizes 
than males in direct contact with a female34. Similarly, Crepidula cf. marginalis males in physical contact with a 
female have reduced growth rates and delayed sex change34. Inhibition by the female could also explain the longer 
time to sex change observed for C. coquimbensis males in the 1F+ 1M treatment given the monopolization of the 
female by the only male present in the aggregation. Physical stimulation and chemical inhibition have been sug-
gested by Carrillo-Baltodano & Collin35 for C. cf. marginalis. Alternatively, competition for food could influence 
growth rate given that this species is a filter feeder and feeding could be affected by the proximity of the female 
and the male in the copulatory position. Likewise, male feeding might be impeded by copulation. Alternatively, 
males that have less access to the female may allocate more energy to growth in order to outcompete other males 
in the aggregation. Specific and complex experimental designs are required to test these hypotheses.

Theory suggests that reproductive success shapes the optimal timing of sex change. Our results for C. coquim-
bensis reveled an inverse relationship between the ranking of sex change and the ranking of male participation 
in the brood. For protandric marine gastropods, there are few studies that use realistic estimates of reproduc-
tive success (paternity analyses) to evaluate sex allocation theory hypotheses. For one of the few studies that 
does exist, combined observational and molecular data for C. fornicata indicates that male reproductive success 
increases with body size18. If bigger males delay sex change, C. fornicata males with higher reproductive success 
should change sex later than unsuccessful males. Thus, the reproduction of C. fornicata and C. coquimbensis (this 
study) is in concordance with the expectations of sex allocation theory: low-ranking males change sex because 
their expected reproductive return is low. Nevertheless, the aggregations of these two species differ in terms of 

Figure 7. Frequency of male individuals observed at different rankings of reproductive success and time 
to sex change in two experimental social aggregations, 1F+2M and 1F+4M, of C. coquimbensis. Results 
are shown for estimations before and after intracapsular cannibalism. A ranking of 1 for reproductive success 
corresponds to the male with the highest value, meanwhile, a ranking of 1 for sex change corresponds to males 
that changed earliest.
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their social structure. Specifically, it is common to observe more than two females and many males in C. fornicata 
aggregations while more than 85% of host shells in C. coquimbensis aggregations are occupied by only one female 
and two to four males24. From these observations, a conundrum arises considering the evolution of reproduction 
in C. coquimbensis. If one male often monopolizes the female, why aren’t there more females in the aggregation as 
a product of the remaining unsuccessful males that change sex earlier? As stated above, C. coquimbensis aggrega-
tions inhabit empty shells of other gastropods cohabiting with Pagurus hermit crabs. Previous studies have shown 
that C. coquimbensis males may colonize different host shells, often taking advantage of the gregarious behavior of 
hermit crabs during mating or feeding periods36. Given the space limitations of the host shells, it is possible that 
less successful C. coquimbensis males leave the host and then change sex if the new host is unoccupied; alterna-
tively, these individuals may remain male if the new host already houses a female. Additional experimental work 
is needed to test this hypothesis.

The strategy of changing sex is common in many marine species and although different evolutionary histories 
exist, general patterns may be observed. In this study of C. coquimbensis, we demonstrate that, as theory predicts, 
the timing of and body size at which sex change occurs are plastic traits that are strongly associated with male 
reproductive success. Specifically, male-male competition, male-female interactions, sperm storage by females, 
and embryo cannibalism drive timing of sex change in this species.

Methods
Sample collection. Individuals of Crepidula coquimbensis were collected from Puerto Aldea (30°17′ 32″ S, 
71°36′ 30″ W) located on the north-central coast of Chile. Specimens were transported in coolers to the laboratory 
of the Faculty of Science of the Universidad Católica de la Santísima Concepción.

Laboratory experiments. To obtain virgin males and females, in the laboratory, hatching juveniles of 
approximately 1 mm in size were separated individually in plastic boxes with constant aeration and temperature 
(14 °C). The juveniles were fed twice a day with aliquots of cultured phytoplankton Isochrysis galbana. The sex-
ual stage of the individuals was recorded weekly; the individuals were sexed according to the presence of sexual 
organs24,37. Males and females were classified by the presence or absence of a penis and female genital papilla 
(Fig. 1a); transitional individuals (changing from male to female) had both a penis and female genital papilla or 
were > 8 mm and lacked a penis or female genital papilla24 (Fig. 1b). Male maturity was reached after 4–5 weeks, 
and females were obtained after 1–2 months. None of the individuals bypassed the male stage. Minimum shell 
length recorded for males was 4 mm and for females was 8 mm; this is in concordance with body sizes recorded in 
the field by Brante et al.24 at the same site.

To evaluate different hypotheses proposed, experimental families (aggregations) with different social com-
positions were arranged in five treatments: i) 1 Female (F)+ 1 Male (M), ii) 1F+ 2M, iii) 1F+ 4M, iv) 1M and v) 
2M. Only the first four treatments were used to evaluate the effect of male interactions on sex change. Treatments 
iv) and v) were used to evaluate the influence of female presence on sex change. The social compositions used in 
these experiments simulate the sex ratio observed in natural populations of this species24. To avoid body size as a 
confounding factor, we used individuals with a narrow range of shell lengths; male shells ranged from 5 to 6 mm 
and female shells ranged from 17 to 18 mm. All treatments were carried out with virgin males and females, and 
each male was marked with indelible ink of different colors for identification and recording behavior (Fig. 1b,c). 
To simulate the natural environment, each experimental family was located in an empty host shell of the marine 
gastropod Tegula atra, which were placed in plastic boxes filled with seawater at 15 °C (± 1 °C) that were con-
stantly aerated using air stones and air pumps (Fig. 1d). Individuals were fed twice a day with aliquots of cultured 
phytoplankton (Isochrysis galbana). The experimental families were followed for a maximum of approximately 
320 days until two ovicapsule laying events were sampled or until the first male changed sex. Ten replicates per 
treatment were carried out.

Pre- and post-copulatory factors, and reproductive success. The effect of pre- and post-copulatory 
factors on male reproductive success of C. coquimbensis was evaluated in treatments 1F+ 1M, 1F+ 2M and 1F+ 
4M during the two reproductive events (capsule laying) studied. For this, the identity of males observed in the 
copulatory position (right side of the female) was recorded two times a day (in the morning and evening), and 
the total time (days) in the copulatory position was estimated. In addition, the number of males participating as 
fathers and the percentage of contribution of each father to the brood before and after cannibalism were estimated 
by paternity analysis (see below).

Ovicapsules from brooding females were collected for all female replicates at the beginning of the incubation 
period containing early stage embryos (before sibling cannibalism) and at the end of the embryonic development 
before hatching (after sibling cannibalism). As it has been shown that C. coquimbensis appears to mix sperm 
before fertilization, the parentage distribution of participating males is well represented inside each ovicapsule24. 
Given this and the time constraints of genotyping microsatellites, we intensified sampling inside capsules rather 
than between capsules to increase the probability to detect rare fathers. We followed the same sampling protocol 
previously used by Brante and collaborators25 for this species. Three ovicapsules per brood were chosen represent-
ing roughly 10 to 15% of the total number of ovicapsules per brood. The ovicapsules were haphazardly selected 
and removed from each female at both embryonic stages for the two ovicapsule laying events recorded. From each 
ovicapsule, between 30 and 50 embryos were preserved in ethanol (95%) for subsequent paternity analyses; this 
represented 40–65% of the total embryos in an ovicapsule. Finally, the cephalic portion of each adult was individ-
ually stored in alcohol (95%) for genetic analyses.

For paternity analyses, we pooled the embryos of the three capsules sampled, and we estimated the total 
number of fathers in the clutch and the percentage of representation of each father in the clutch as the number of 
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embryos fathered by the corresponding male divided by the total number of embryos analyzed in the clutch. Both 
variables were estimated for the offspring before and after cannibalism and for the two laying events.

The number of males observed on the female in the copulatory position and the number of males participating 
in the broods before and after cannibalism were compared with paired-sample t-Tests performed for each exper-
imental aggregation treatment and laying event. This is because the number of males recorded in the copulatory 
position and fathering embryos are not independent. Given that multiple comparison were run on the same data, 
the false discovery rate approach modified by Benjamini and Yekutieli38 was used to estimate the critical probabil-
ity value. Statistical assumptions of homoscedasticity and normal distribution were met in the raw data. We also 
compared the contribution of males to the brood pre- and post-cannibalism calculating the differences in male 
participation as follow: % male contribution post-cannibalism-% male contribution pre-cannibalism. Positive 
values are interpreted as higher relative contribution of a male (reproductive success) in relation to other males as 
a product of an offspring with higher cannibalistic abilities26.

Finally, to evaluate if the time spent by the male on the female is a good predictor of the final reproductive 
success of the male (after sibling cannibalism), a General Lineal Model was run on the percentage of male par-
ticipation (considering both laying events) with social composition treatments as a fixed factor (considering 
only treatments with more than one male present (1F+ 2M and 1F+ 4M)), and time spent by the males in the 
copulatory position as a covariable; the interaction term between the social composition factor and time in the 
copulatory position was also evaluated. Statistical assumptions of normal distribution and homoscedasticity were 
met in the raw data.

Male reproductive success, growth rate and sex change strategy. To test if males with high repro-
ductive success had reduced growth rates and delayed sex change, body size and sex were recorded weekly in all 
of the experimental aggregations essayed. Each individual was measured with a caliper to the nearest 0.01 cm and 
sexed as described above. In the case of treatments where a female was present, the time spent by males on the 
female was also recorded. Individuals in the copulatory position were assumed to be males to avoid stressing the 
individuals and affecting sex change patterns.

To evaluate the effect of the time in the copulatory position on male growth rate, a General Lineal Model was 
run with the social composition treatments (1F+ 1M, 1F+ 2M and 1F+ 4M) as the fixed factor and time spent by 
the males in the copulatory position as a covariable; the interaction term between social composition factor and 
time in the copulatory position was also evaluated. The raw data met statistical assumption of normality; however, 
the data were root square transformed to meet homoscedasticity requirements.

The timing of sex change for the different social composition treatments was compared using a one-way 
ANOVA. Tukey a-posteriori tests were performed when significant effects were detected. The statistical assump-
tions of normality and homoscedasticity were met in the raw data. To determine if males with lower reproductive 
success change sex earlier, the relationship between the ranking of time to change sex and the ranking of male 
reproductive success was evaluated with Fisher’s exact tests using the frequency of both rankings; the 1F+ 2M and 
1F+ 4M treatments and the data at pre- and post-cannibalism stages were considered separately.

Paternity analysis. Paternity analyses were run using the same five microsatellite loci used in Brante  
et al.25,26. These loci are highly variable and have a high overall probability to exclude a randomly chosen unrelated 
candidate parent from parentage given the genotype of the offspring and of the mother (Probability of exclusion 
> 0.95). Offspring paternity analysis was performed using the software CERVUS 2.039 based on the procedure 
proposed by Meagher (1986)40 using maximum likelihood calculations. Given the genotypes of the embryos, of 
their known mothers (the brooding female), and of the potential fathers (males in the aggregation), paternity 
was assigned to the male with the highest log-likelihood ratio (LOD). One advantage of using CERVUS 2.0 is the 
possibility to assess the statistical significance of LOD through computer simulations39. These computations were 
carried out using 10,000 iterations based on population allelic frequencies estimated using the genotypes of the 
100 adults studied.

References
1. Polikansky, D. Sex change in plants and animals. Annu. Rev. Ecol. Syst. 13, 471–495 (1982).
2. Charnov, E. L. The Theory of Sex Allocation, Princeton University Press (1982).
3. Warner, R. R., Robertson, D. R. & Leigh, E. G. Jr. Sex change and sexual selection. Science 190, 633–638 (1975).
4. Leigh, E. G., Charnov, E. L. & Warner, R. R. Sex ratio, sex change and natural selection. Proc. Natl. Acad. Sci. USA 73, 3655–3660 

(1976).
5. Hoffman, S. G., Schildhauer, M. P. & Warner, R. R. The costs of changing sex and the ontogeny of males under contest competition 

for mates. Evolution 39, 915–927 (1985).
6. Muñoz, R. C. & Warner, R. R. A new version of the size-advantage hypothesis for sex-change: incorporating sperm competition and 

size-fecundity skew. Am. Nat. 161, 749–761 (2003).
7. Molloy, P. P., Goodwin, N. B., Côté, I. M., Reynolds, J. D. & Gage, M. J. G. Sperm competition and sex change: a comparative analysis 

across fishes. Evolution 61, 640–652 (2007).
8. Bauer, R. T. & VanHoy, R. Variation in sexual systems (protandry, gonochorism) and reproductive biology among three species of 

the shrimp genus Thor (Decapoda: Caridea). Bull. Mar. Sci. 59, 53–73 (1996).
9. Baldwin, A. P. & Bauer, R. T. Growth, survivorship, life-span, and sex change in the hermaphroditic shrimp Lysmata wurdemanni 

(Decapoda: Caridea: Hippolytidae). Mar. Biol. 143, 157–166 (2003).
10. Warner, R. R. & Swearer, S. Social control of sex change in the bluehead wrasse, Thalassoma bifasciatum (Pisces: Labridae). Biol. Bull. 

181, 199–201 (1991).
11. St. Mary, C. M. Sex allocation in a simultaneous hermaphrodite, the blue-banded goby (Lythrypnus dalli): the effects of body size and 

behavioral gender and the consequences for reproduction. Behav. Ecol. 5, 304–313 (1993).
12. Lutnesky, M. M. F. Density-dependent protogynous sex change in territorial-haremic fishes: models and evidence. Behav. Ecol. 5, 

375–383 (1994).
13. Munday, P. L. Bi-directional sex change: testing the growth-rate advantage model. Behav. Ecol. Sociobiol. 52, 247–254 (2002).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:29439 | DOI: 10.1038/srep29439

14. Collin, R., McLellan, M., Gruber, K. & Bailey-Jourdain, C. Effects of conspecific associations on size at sex change in three species of 
calyptraeid gastropods. Mar. Ecol. Prog. Ser. 293, 89–97 (2005).

15. Wright, W. G. Sex change in the Mollusca. Tren Ecol Evol 3, 137–140 (1988).
16. Munday, P. L., Buston, P. M. & Warner, R. R. Diversity and flexibility of sex-change strategies in animals. Trends Ecol. Evol. 21, 89–95 

(2006).
17. Collin, R. Sex ratio, life history invariants, and patterns of sex change in a family of protandrous gastropods. Evolution 60, 735–745 

(2006).
18. Broquet,T., Barranger, A., Billard, E., Bestin, A., Berger, R., Honnaert, G. & Viard, F. The size advantage model of sex allocation in 

the protandrous sex-changer Crepidula fornicata: role of the mating system, sperm storage, and male mobility. Am. Nat. 186, 
404–420 (2015).

19. Hoagland, K. E. Protandry and the evolution of environmentally-mediated sex change: a study of the Mollusca. Malacologia 17, 
365–391 (1978).

20. Collin, R. Sex, size, and position: a test of models predicting the size at sex change in the protandrous gastropod Crepidula fornicata. 
Am. Nat. 146, 815–831 (1995).

21. Warner, R. R., Fitch, D. L. & Standish, J. D. Social control of sex change in the shelf limpet, Crepidula norrisiarum: size specific 
responses to local group composition. J. Exp. Mar. Biol. Ecol. 204, 155–167 (1996).

22. Véliz, D., Winkler, F. M. & Guisado, C. Developmental and genetic evidence for the existence of three morphologically cryptic 
species of Crepidula in northern Chile. Mar. Biol. 143, 131–142 (2003).

23. Charnov, E. L. & Bull, J. J. Non-Fisherian sex ratios with sex change and environmental sex determination. Nature 338, 148–150 
(1989).

24. Brante, A., Vilches, C. & Quiñones, A. The role of population traits and local social interactions in the plasticity of the sex change 
strategy in the protrandric marine gastropod Crepidula coquimbensis. Mar. Ecol. Prog. Ser. 458, 123–132 (2012).

25. Brante, A., Fernández, M. & Viard, F. Microsatellite evidence for sperm storage and multiple paternity in the marine gastropod 
Crepidula coquimbensis. J. Exp. Mar. Biol. Ecol. 396, 83–88 (2011).

26. Brante, A., Fernández, M. & Viard, F. Non-random sibling cannibalism in the marine gastropod Crepidula coquimbensis. PlosOne, 
10.1371/journal.pone.0067050 (2013).

27. Allsop, D. J. & West, S. A. Changing sex at the same relative body size. Nature 425, 783–784 (2003).
28. Allsop, D. J. & West, S. A. Constant relative size at sex change in sequentially hermaphroditic fish. J. Evol. Biol. 16, 921–929 (2003).
29. Buston, P. M., Munday, P. L. & Warner, R. R. Sex change and relative body size in animals. Nature 428, doi: 10.1038/nature02512 

(2004).
30. Heibo, E. & Vollestad, L. A. An analysis of life- history invariants in Eurasian perch, Perca fluviatilis. Evol. Ecol. Res. 8, 51–62 (2006).
31. Linde, M. & Palmer, M. Testing Allsop and West’s size at sex change invariant within a fish species: a spurious ratio or a useful group 

descriptor? J. Evol. Biol. 21, 914–917 (2008).
32. Molloy, P. P., Paddack, M. J., Reynolds, J. D., Gage, M. J. & Cote, I. M. Relative size-at- sex-change in parrotfishes across the 

Caribbean: is there variance in a supposed life-history invariant? Evol. Ecol. 25, 446–469 (2010).
33. Collin, R. Sex ratio, life history invariants, and patterns of sex change in a family of protandrous gastropods. Evolution 60, 735–745 

(2006).
34. Cahill, A. E., Juman, A. R., Pellman-Isaacs, A. & Bruno, W. T. Physical and chemical interactions with conspecifics mediate sex 

change in a protandrous gastropod Crepidula fornicata. Biol. Bull. 229, 276–281 (2015).
35. Carrillo-Baltodano, A. & Collin, R. Crepidula slipper limpets alter sex change in response to physical contact with conspecifics. Biol. 

Bull. 229, 232–242 (2015).
36. Vilches, C., Pradenas, J., Quiñones, A. & Brante, A. Association of Crepidula coquiembensis with Pagurus edwardsi: effect on 

dispersal potential and population genetic structure. Rev. Biol. Mar. Oceanogr. 47, 327–331 (2012).
37. Brown, D. I. & Olivares, C. A. A new species of Crepidula (Mollusca: Mesogastropoda: Calyptraeidae) from Chile: additional 

characters for the identification of eastern Pacific planar Crepidula group. J. Nat. Hist. 30, 1443–1458 (1996).
38. Benjamini, Y. & Yekutieli, D. The control of false discovery rate under dependency. Ann. Stat. 29, 1165–1188 (2001).
39. Marshall, T. C., Slate, J., Kruuk, L. E. B. & Pemberton, J. M. Statistical confidence for likelihood-based paternity inference in natural 

populations. Mol. Ecol. 7, 639–655 (1998).
40. Meagher, T. R. Analysis of paternity within a natural population of Chamaelirium luteum. 1. Identification of most-likely male 

parents. Am. Nat. 128, 199–215 (1986).

Acknowledgements
This study was funded by Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT) grants 11090221 
and 1130868 to A.B. We appreciate the constructive comments from two anonymous reviewers.

Author Contributions
A.B. conceived the concept for this paper. A.B. and A.Q. set up the experiments and recorded data. All authors 
participate in the analyses of data, and discussed the results and context of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Brante, A. et al. The relationship between sex change and reproductive success in a 
protandric marine gastropod. Sci. Rep. 6, 29439; doi: 10.1038/srep29439 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons 
license, users will need to obtain permission from the license holder to reproduce the material. To view a copy 
of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	The relationship between sex change and reproductive success in a protandric marine gastropod
	Introduction
	Results
	The effect of pre- and post-copulatory factors on male reproductive success
	Male reproductive success, growth rate and sex change strategy

	Discussion
	Methods
	Sample collection
	Laboratory experiments
	Pre- and post-copulatory factors, and reproductive success
	Male reproductive success, growth rate and sex change strategy
	Paternity analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                The relationship between sex change and reproductive success in a protandric marine gastropod
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29439
            
         
          
             
                Antonio Brante
                Adriana Quiñones
                Francisco Silva
            
         
          doi:10.1038/srep29439
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29439
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29439
            
         
      
       
          
          
          
             
                doi:10.1038/srep29439
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29439
            
         
          
          
      
       
       
          True
      
   




