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Sex‑biased phenotypic plasticity 
affects sexual dimorphism patterns 
under changing environmental 
conditions
Giulia Cordeschi 1, Daniele Canestrelli 2 & Daniele Porretta 1*

Sexual dimorphism is almost ubiquitous in animals. A common pattern observed across multiple taxa 
involves differences in development time (sexual bimaturism) and body size (sexual size dimorphism) 
between conspecific males and females. Furthermore, a strict association of dimorphism at these 
traits has been documented in several taxa, where the sex showing shorter development time also 
has a smaller body size than the other sex. Growth and development are strongly dependent on 
environmental conditions during individual life‑cycle in ectotherms, inducing considerable phenotypic 
plasticity. However, how phenotypic plasticity affects the association between sexual dimorphism 
in development time and body size remains unclear. Here, we tracked development time, body size, 
and body mass throughout the ontogeny of the mosquito Aedes mariae. The larval development of 
this species is strictly linked to Mediterranean Sea rock‑pools, whose highly variable environmental 
conditions over minimal time frames make this organism‑environment system ideal for exploring 
plasticity‑led eco‑evolutionary processes. We found differential plasticity between males and 
females, dissolving the link between dimorphism in development time and body size under increasing 
temperature and decreasing salinity conditions. These findings contrast with the current hypotheses 
proposed to explain the origin of the association between sexual bimaturism and sexual size 
dimorphism, highlighting the condition dependence of sexual dimorphism patterns and the need to 
consider phenotypic plasticity in future studies on their evolution.

Phenotypic differences between males and females of the same species are widespread across the animal king-
dom, and they are exhibited in a myriad of traits, including morphological, behavioural and life-history  traits1. 
Well-known and iconic examples like those found among birds of  paradise2 or stag  beetles3, as well as some less 
conspicuous but intriguing cases, like sexually dimorphic traits in our own species, have fuelled intense scientific 
curiosity, research, and discussions around the origin, evolutionary underpinnings and ecological implications 
of sexual  dimorphisms4,5. Sexual bimaturism is a form of sexual dimorphism consisting of different development 
times between the two  sexes6,7. In insects, sexual bimaturism is widespread and takes the form of a sex differ-
ence in the timing of adult emergence: protandry, if adult males appear before adult females, and protogyny, 
if the opposite is the  case7–9. Interestingly, protandry has been frequently associated with female-biased sexual 
size  dimorphism9–13, but what drives this association in nature is still an entirely open question surrounding the 
evolution of sexual dimorphism.

At least two hypotheses have been proposed to explain cases of association between protandry and female-
biased sexual size  dimorphism9,14. First, protandry evolved under selection for early male maturation (called the 
mating opportunity hypothesis). Consequently, shortening male development time would lead to a smaller male 
size and a female-biased sexual size  dimorphism15. This hypothesis was invoked to explain sexual bimaturism in 
organisms with short life span and discrete generations, where males maturing before females may gain a fitness 
advantage by increasing their mating  opportunities10. Second, protandry would be a by-product of selection 
for a large female size (the constraint hypothesis). In insects, female body size has been linked to fecundity and 
egg production, so the fitness advantage of larger size might be greater for females than  males16. If females and 
males grow at similar rates, selection for large female body size would, thus, require longer female growth, with 
protandry evolving as an indirect  consequence17.
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Development time and body size are two life-history traits genetically determined but also widely plastic, and 
sexes might differ in their sensitivity to environmental conditions during  development18. In ectotherms, growth 
and development depend strongly on environmental variables such as diet quantity and quality or temperature, 
inducing considerable phenotypic plasticity 9,19,20. For example, in several insect species, females extend their 
development time more than males under unfavourable conditions and show greater plasticity than males in 
body  size19. Several studies showed a positive correlation between sex-specific plasticity of a trait and sexual 
dimorphism in the same  trait19,21–23. However, how sex-specific plasticity affects association and multiple trait 
covariation remains unclear.

Interestingly, differences in phenotypic plasticity between sexes could weaken the two hypotheses described 
above and the predicted relationship between protandry and female-biased sexual size  dimorphism24. According 
to the mating opportunity hypothesis, the difference in development time between males and females should be 
largely insensitive to environmental conditions experienced during juvenile  growth8,9,25,26. Consequently, dif-
ferences between sexes in the plasticity of development time would be at odds with this hypothesis. At the same 
time, according to the constraint-hypothesis, males and females should grow at similar rates, with no plasticity 
in growth trajectories. Thus, differences in plasticity in development time and body size between sexes could 
dissolve the association between protandry and female-biased size  dimorphism19.

In this paper, we investigated in the sea rock-pool mosquito Aedes mariae (Sergent and Sergent, 1903) the 
role of sexual differences in phenotypic plasticity in determining sexual dimorphism. This species is distributed 
along the western Mediterranean coast, developing in rock pools in the supralittoral zone of coastal  habitats27. 
Rock pools along the marine littoral are extremely variable environments, experiencing dramatic fluctuations in 
temperature and salinity over short  timescales28 due to rainfall, storms, tides, and  evaporation29. Environmental 
temperature is one of the most important abiotic factors influencing insects’ physiology, behaviour, ecology 
and  survival30 whereas salinity was observed to influence development of individuals of Ae. mariae complex 
species 31,32.Therefore, because of the extreme environmental variations, this organism-environment system is 
ideal for exploring phenotypic plasticity. Moreover, female-biased sexual size dimorphism and protandrous 
sexual bimaturism have been described in mosquito  species33,34. Here, we performed microcosm experiments 
manipulating temperature and salinity and measured the individual plastic response in development time and 
body size aiming to: (i) determine if sexual bimaturism and/or female-biased sexual size dimorphism occur and 
when they arise during development; (ii) investigate if sex-based differential plasticity in development time and 
body size occurs; (iii) examine the effect of phenotypic plasticity on the association between sexual bimaturism 
and female-biased sexual size dimorphism (Fig. 1).

Results
Development time
The development time from L3 to L4 larval instars, from L4 larval instar to pupal stage, from pupal to adult 
stages and the total development time from L3 larval instar to adult stage were compared between sexes and 
treatments (i.e. constant conditions, rising temperature, decreasing salinity during individual development) 
(Table 1). The results of the 3-way ANOVA analysis showed that the model explains a high percentage of the 
variance (Adjusted R-squared 0.92). Significant effects of treatment (F2,599 = 64.24, P < 0.001), sex (F1,599 = 19.24, 
P < 0.001), and stage (F3,599 = 2487.22, P < 0.001), as well as treatment * stage (F6,599 = 13.86, P < 0.001) and sex * 
stage (F3,599 = 3.20, P = 0.02) interactions were observed (Supplementary Table S1).

Multiple comparisons showed that under constant conditions, sexes differed significantly in the develop-
ment time of fourth instar larvae (t = 3.06, P = 0.02). The difference in development time between sexes at this 
stage led to sexual dimorphism in total development time (L3 – adult emergence interval) (t = 3.56, P = 0.004) 
(Fig. 2a), with males having a more rapid development time than females (i.e. protandry). On the contrary, 
under temperature and salinity conditions, the difference in development time between females and males was 
not significant in any immature stages (all P > 0.05) (Fig. 2b, c).

By comparing individual development time among treatments, the temperature condition significantly 
reduced third instar and fourth instar development time in both males and females compared to constant con-
ditions (females: L3-L4, t = 3.98, P < 0.001; L4-P, t = 7.46, P < 0.001; males: L3-L4, t = 4.57, P < 0.001; L4-P, t = 6.05, 
P < 0.001) (Fig. 2). This effect of increasing temperature caused a reduction of total development time in females 
by 24.73 ± 9.94 h (mean ± SE) corresponding to a reduction of 11.44%, and in males reduced the total develop-
ment time by 10.85 ± 8.55 h (mean ± SE), corresponding to a reduction of 5.4%. The salinity condition signifi-
cantly reduced the fourth instar development time of both sexes compared to the constant condition (females: 
t = 5.64, P < 0.001; males: t = 3.86, P = 0.001) (Fig. 2), with a reduction in females by 17.64% and in males by 14.1%.

The Sexual Bimaturism Index (SBM index) calculated on total development time showed that the larg-
est difference between sexes was found in mosquitoes reared under constant conditions (constant condition 
SBM = 0.094; salinity condition SBM = 0.058; temperature condition SMB = 0.025) (Fig. 2).

Weight
The weight of L4 larval instar and pupae were compared between sexes and treatments using a 3-way ANOVA 
(Table 1 and Supplementary Table S1). The results showed that the model explains a high percentage of the vari-
ance (Adjusted R-squared 0.91). Significant effects of treatment (F2,172 = 47.03, P < 0.001), sex (F1,172 = 144.05, 
P < 0.001), stage (F1,172 = 1519.59, P < 0.001), and their combinations were observed (Treatment*Sex: F2,172 = 9.44, 
P < 0.001; Treatment*Stage: F2,172 = 25.31, P < 0.001; Sex*Stage: F1,172 = 81.54, P < 0.001;Treatment*Sex*Stage: 
F2,172 = 7.17, P = 0.001). Multiple comparisons showed that the weight of fourth instar larvae did not differ between 
sexes under all treatments, while female pupae were significantly heavier than males under each treatment (CC: 
t = 8.16, P < 0.001; TC: t = 6.86, P < 0.001; SC: t = 5.93, P < 0.001) (Fig. 3a, b).
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By comparing individual weights among treatments, rising temperature significantly reduced the pupal weight 
of females by 1.12 ± 0.46 mg (20.71%) and males by 0.62 ± 0.28 mg (15.94%) compared to constant conditions 
(females: t = 5.58, P < 0.001; males: t = 3.17, P = 0.014) (Fig. 3b). On the contrary, decreasing salinity affected 
only female pupae that were heavier by 1.08 ± 0.37 mg (mean ± SE), corresponding to an increasing of 19.77% 
compared to pupae developed under constant conditions (females: t = -5.82, P < 0.001; males: t = 0.22, P > 0.05) 
(Fig. 3b).

The Sexual Size Dimorphism index (SSD), calculated on pupal weight, in constant conditions was SSD = 0.389; 
under the temperature condition was SSD = 0.313, while it increased to SSD = 0.686 under the salinity condition 
(Fig. 3b).

Morphometry
The morphology of the L4 instar larvae and pupae was analyzed using a principal component analysis (PCA). 
Then, to assess the effect of sex and treatments, a two-way ANOVA was carried out using the first component of 
the PCA (Table 1 and Supplementary TableS1).

For the L4 instar larvae, the PCA analysis showed that the first component explains 77.9% of the variance 
in larval shape (Table 2). The first component had a positive correlation with all the variables and differentiated 
individuals based on size, with larger values indicating larger larvae. The second component explains an addi-
tional 11.6% of the total variance in the data and primarily explains variation in the relative shape of the body. 
Width measures had a positive correlation with the second component, and length measures had a negative 
correlation, discriminating individuals based on their stumpiness (Table 2).

The two-way ANOVA carried out using the first component of the PCA showed a significant effect of treat-
ment (F2,85 = 6.20, P = 0.003) and sex (F1,85 = 14.17, P < 0.001) on the larval morphology (Table 1 and Supple-
mentary Table S1). (Fig. 4a). Multiple comparisons showed non-significant differences between treatments and 

Figure 1.  Experimental design. All individuals from the egg to third instar larvae were kept at 26 °C and 50 ‰ 
salinity. Third instar larvae were randomly placed into developmental treatments, and trait measures started. 
In the first treatment, individuals were maintained at constant conditions of temperature (26 ±  °C) and salinity 
(50‰, 50 g/l) throughout the experiment (CC). In the second treatment, individuals were exposed to rising 
temperature (TC) as follows: third instar larvae were maintained at 29 °C; fourth instar larvae at 31 °C, and 
pupae at 34 °C. In the third treatment, individuals were exposed to decreasing salinity (SC) from 50‰ to 0‰. 
Weight and digital pictures were obtained within two hours from the ecdysis.
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Table 1.  Summary statistics of Aedes mariae phenotypic traits. Mean, standard error and sample size (n). 
L3-L4 is the development time computed from L3 to L4 larval instars; L4-P is the development time from 
L4 larval instar to pupal stage; P-Ad is the development time from pupal to adult stages; Total means the 
development time from L3 larval instar to adult stage.

Constant condition Rising temperature Decreasing salinity

Female Male Female Male Female Male

n Mean ± se n Mean ± se n Mean ± se n Mean ± se n Mean ± se n Mean ± se

Development time (h)

L3-L4 31 69.74 ± 1.99 39 68.23 ± 2.39 30 53.73 ± 0.67 28 50.43 ± 2.31 37 69.54 ± 2.26 25 65.72 ± 1.93

L4-P 31 122.45 ± 2.12 38 110.82 ± 1.79 30 92.43 ± 4.94 28 87.14 ± 2.55 37 100.86 ± 1.04 25 95.20 ± 0.96

P-Ad 15 60.40 ± 2.67 22 61.14 ± 2.08 28 55.89 ± 2.24 14 49.35 ± 1.17 19 62.79 ± 1.95 25 62.92 ± 2.17

Total 15 216.27 ± 7.19 22 197.55 ± 4.45 28 191.54 ± 6.85 14 186.7 ± 4.09 19 229.95 ± 3.31 22 217.16 ± 4.55

Weight (mg)
L4 15 1.63 ± 0.07 18 1.35 ± 0.06 14 1.46 ± 0.98 13 1.29 ± 0.09 19 1.74 ± 0.10 11 1.45 ± 0.10

P 16 5.41 ± 0.24 19 3.89 ± 0.12 14 4.29 ± 0.21 13 3.27 ± 0.15 19 6.49 ± 0.13 12 3.85 ± 0.12

Morphometric measures 
4th instar (mm)

Head width 15 1.72 ± 0.03 19 1.71 ± 0.02 14 1.61 ± 02 13 1.60 ± 0.02 18 1.75 ± 0.12 11 1.611 ± 0.04

Thorax width 15 1.98 ± 0.04 19 1.93 ± 0.03 14 1.88 ± 04 13 1.77 ± 0.02 18 2.07 ± 0.03 11 1.86 ± 0.05

Abdomen width 15 1.04 ± 0.01 19 0.10 ± 0.01 14 0.99 ± 0.01 13 0.94 ± 0.01 18 1.08 ± 0.01 11 0.94 ± 0.02

Thorax length 15 1.19 ± 0.03 19 1.12 ± 0.03 14 1.17 ± 0.03 13 1.09 ± 0.03 18 1.25 ± 0.03 11 1.14 ± 0.05

Abdomen length 15 4.23 ± 0.07 19 4.06 ± 0.10 14 4.04 ± 0.08 13 3.82 ± 0.07 18 4.43 ± 0.09 11 4.05 ± 0.09

Total length 15 6.42 ± 0.14 19 5.10 ± 0.14 14 6.18 ± 0.12 13 5.87 ± 0.12 18 6.54 ± 0.15 11 6.08 ± 0.21

Morphometric measures 
pupae (mm)

Cephalo-thorax width 16 3.48 ± 0.05 19 3.14 ± 0.03 13 3.24 ± 0.06 12 2.95 ± 0.03 19 3.63 ± 0. 03 12 3.14 ± 0.03

Cephalo-thorax length 16 4.21 ± 0.070 19 3.75 ± 0.03 13 3.79 ± 0.07 12 3.47 ± 0.03 19 4.39 ± 0.04 12 3.85 ± 0.04

Figure 2.  Phenotypic plasticity in development time. Differences in development time between sexes 
(red = female, blue = male) in (a) constant temperature and salinity condition, (b) rising temperature condition 
and (c) decreasing salinity condition. Significance levels: *** = P < 0.001, ** = P < 0.01, * = P < 0.05, ns = P > 0.05. 
Boxplots show median values (middle line), interquartile range (box) and the range values including some 
outliers (dots which extend beyond the min and max of the boxplot). For each treatment, L3-L4 is the 
development time computed from L3 to L4 larval instars; L4-P is the development time from L4 larval instar to 
pupal stage; P-Ad is the development time from pupal to adult stages; Total means the development time from 
L3 larval instar to adult stage.
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between sexes except for the salinity condition where females were overall bigger than males (t = 3.56, P = 0.004). 
The two-way ANOVA carried out using the second component of the PCA showed a significant effect of treat-
ments (F2,85 = 3.97, P = 0.002) on fourth instar larvae morphology. Multiple comparisons showed non-significant 
differences between sex and between treatments, except for the salinity condition that significantly affected larval 
males, making them more stumpy related to males developed under constant conditions (t = 2.97, P = 0.024) 
(Fig. 4).

The first component of the PCA analysis on pupal morphology explained 97.08% of the total variance. 
Length and width were positively correlated to the first component, discriminating the individuals on their 
overall dimension. No differences in shape were found in pupae (Table 2). The two-way ANOVA carried out 
using the first component of the PCA showed a significant effect of treatments (F2,86 = 36.49, P < 0.001) and sex 
(F1,86 = 108.28, P < 0.001) on pupal morphology (Fig. 5). Multiple comparisons revealed significant differences 
between sexes under each developmental condition, with males smaller than females (CC: t = 6.25, P < 0.00; TC: 
t = 4.09, P < 0.001; SC: t = 7.53, P < 0.001). Furthermore, rising temperature during development led to reduced 
pupal size in both sexes (females: t = 4.54, P < 0.00; males: t = 3.29, P = 0.009) (Fig. 5). SSD index calculated 
on cephalo-thorax length was 0.124, 0.092 and 0.142 under constant, temperature and salinity conditions, 
respectively.

Discussion
In insects, sexes frequently differ in plastic response to environmental variations such as food limitation, food 
quality, and larval density, with the larger sex—typically females—displaying a stronger response than the smaller 
 sex9,19,22. Although temperature-induced plastic responses have received much attention, differences in thermal 
plasticity between sexes are still largely  debated20,35–37. Teder et al. (2022), through a meta-analysis conducted 

Figure 3.  Phenotypic plasticity in larval and pupal weight. Weight differences between sexes (red = female, 
blue = male) in fourth instar larvae (a) and pupae (b) in constant temperature and salinity condition (CC), 
rising temperature condition (TC), and decreasing salinity condition (SC). Significance levels: *** = P < 0.001, 
** = P < 0.01, * = P < 0.05, ns = P > 0.05. Boxplots show median values (middle line), interquartile range (box) and 
the range values including some outliers (dots which extend beyond the min and max of the boxplot).

Table 2.  PCA analysis. Results of the principal component analysis on morphometric measures of fourth 
instar larvae and pupae.

Eigenvalues PC1 PC2 PC3 PC4 PC5 PC6

4th instar larvae

 Proportion of total variance explained

0.779 0.116 0.039 0.036 0.014 0.012

Head width 0.381 0.551 0.497 0.420 0.235 0.269

Thorax width 0.437 0.227 – − 0.297 0.191 − 0.795

Abdomen width 0.410 0.389 − 0.392 − 0.439 − 0.419 0.398

Thorax length 0.384 − 0.541 0.425 − 0.475 0.255 0.297

Abdomen length 0.415 − 0.264 − 0.627 0.387 0.450 0.114

Total length 0.419 − 0.362 0.159 0.409 − 0.682 − 0.189

Pupae

 Proportion of total variance explained

0.970 0.029 – – – –

Cephalo-thorax width 0.707 0.707 – – – –

Cephalo-thorax length 0.707 -0.707 – – – –
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on several insect species, found that sexes differ significantly in their plastic response to diet while temperature-
induced plastic responses were systematically less pronounced. They pointed out the existence of substantial 
physiological constraints on the evolvability of thermal reaction norms in insects. At the same time, there are 
evidence of sexual differences in plastic response to  temperature21,26,38. For example, in a population of the but-
terfly Pararge aegeria was observed that sexual differences varied in both direction and strength over a range of 
increasing  temperatures8. Here, we found that increasing temperature caused a reduction in development time 
in both males and females, but the females’ reduction was more pronounced, exhibiting greater phenotypic 
plasticity. A similar pattern of increased thermal responsiveness in females was observed for body mass and size, 
leading to a greater reduction in females than in males.

Contrary to temperature, the effect of salinity on mosquitoes’ development has been scarcely investigated. 
Some previous studies found that salinity caused a reduction or a prolonged larval development, depending 
on the species, and also for the same species, results obtained are in  contrast39–41. We observed that decreasing 
salinity didn’t significantly affect development time, but it triggered a plastic response only in females’ body size, 
causing an increase in body mass.

Figure 4.  Phenotypic plasticity in larval morphological traits. First and second components of PCA analysis on 
morphometric measures of fourth instar larvae (a, b). Differences between sexes (red = female, blue = male) in 
constant temperature and salinity condition (CC), rising temperature condition (TC), and decreasing salinity 
condition (SC). Significance levels: *** = P < 0.001, ** = P < 0.01, * = P < 0.05, ns = P > 0.05. Boxplots show median 
values (middle line), interquartile range (box) and the range values including some outliers (dots which extend 
beyond the min and max of the boxplot).

Figure 5.  Phenotypic plasticity in pupal morphological traits. First component of PCA analysis on 
morphometric measures of pupae in constant temperature and salinity condition (CC), rising temperature 
condition (TC), and decreasing salinity condition (SC). Significance levels: *** = P < 0.001, ** = P < 0.01, 
* = P < 0.05, ns = P > 0.05. Boxplots show median values (middle line), interquartile range (box) and the range 
values including some outliers (dots which extend beyond the min and max of the boxplot).
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The association between development time and size is a typical component of life-history models (Roff 1992, 
Stearns 1992) and the association of dimorphism in these traits is a common pattern across species, especially in 
insects. For example, Teder et al. (2021) conducting a meta-analysis on 192 insect species found a strong associa-
tion between direction and degree of sexual bimaturism and SSD with larger sex having longer development time. 
Our results are consistent with these observations showing that females are bigger and have a longer development 
time than males in control treatment, confirming the association between female biased SSD and protandry. 
However, we found that this association is condition dependent. In fact, due to the differential expression of 
plasticity between sexes, mosquito males and females emerge simultaneously under variable temperature and 
salinity conditions, but females reach a larger size and mass anyway, implying that differences in plastic response 
between sexes and between traits break up the link between sexual bimaturism and sexual size dimorphism.

Consequently, the hypotheses proposed to date for the association between sexual bimaturism and sexual size 
dimorphism do not help explain patterns that emerged from our data. Indeed, according to the mating oppor-
tunity hypothesis, the advantage conferred to males in terms of mating probability by the faster development 
should keep constant the absolute difference in development time between males and females—being selected 
per se—and thus should be insensitive to environmental  conditions8. Our results show that the degree of sexual 
dimorphism in development time could vary under variable temperature and salinity conditions due to dif-
ferential plasticity between the sexes, providing no support for this first hypothesis. Moreover, since the degree 
of protandry and sexual size dimorphism vary independently between environments, it seems unlikely that the 
difference in development time could be a simple by-product of selection for large female size, as predicted by 
the constraint hypothesis.

In recent years, compelling empirical evidence showed a positive correlation between sex-specific plasticity 
of a trait and sexual dimorphism in the same trait, supporting the idea that condition dependence plays a pivotal 
role in the evolution of sexual size  dimorphis19,21–23. Our results extend the importance of environmental condi-
tions to the evolution of association and covariation of multiple traits. Taking into account differential plasticity 
between sexes, protandry or its absence might co-occur within insect populations independently with any type 
of sexual size  dimorphism13. Especially in insects, where phenotypic plasticity in traits such as development time 
and body size is largely diffused, studying the relation between sexual bimaturism and sexual size dimorphism 
without considering environmental effects might have led to a limited view of an extremely complex scenario.

Methods
Sampling and experimental conditions
Experiments were carried out on individuals of Ae. mariae obtained from eggs collected in July 2021 from multi-
ple supralittoral rock pools of San Felice Circeo, Italy (41°13′18.77″ N, 13° 4′5.51″ E). We designed three different 
experimental treatments by changing temperature and salinity conditions and measured development time and 
body size during larval and pupal development (Fig. 1). In the first treatment, individuals were maintained at 
constant conditions of temperature (26 ±  °C) and salinity (50‰, 50 g/l) throughout the experiment (hereafter, 
constant condition, CC). In the second treatment, individuals were exposed to rising temperature (hereafter 
temperature condition, TC) as follows: third instar larvae were maintained at 29 °C; fourth instar larvae at 31 °C, 
and pupae at 34 °C. In the third treatment, individuals were exposed to decreasing salinity (hereafter salinity 
condition, SC) from 50‰ to 0‰. Twenty-four hours after reaching the third instar, saline water was replaced in 
each cup with fresh water at intervals of two hours until the salinity reached 0‰.

To achieve controlled and uniform temperature variations, the experimental cups were partially submerged 
in tanks containing 75 l of water, in which two thermostats were used for temperature manipulation.

Phenotypic traits measurements
Development time, weight, and morphological traits were measured for larval and pupal stages. To accurately 
measure these traits, all individuals had to be of the same age at the start of the experiment. At this aim, we 
adopted the following strategy: L1 instar (< 24 h) were selected and placed in plastic trays (30 × 30 × 15 cm) filled 
with water from the sampling rock pools. When the L1 larvae reached the second instar, they were individu-
ally (N = 210) placed into individual 300 ml plastic cups filled with 100 ml of tap water, previously salted with 
aquarium salt (Tetra Marine Seasalt). Then, we checked every two hours along the 24 h to find the L2 exuvia and 
started the experiment once the larvae reached the third instar. In this way, we synchronized the beginning of 
the experiments for each larva with a maximum error of two hours. Once the larvae reached the third instar they 
were randomly placed into developmental treatments (N = 70 × treatment), and trait measures started (Fig. 1).

To gain reliable estimates of development time, each plastic cup was monitored every 2 h (day and night) 
until the emergence of adults. We recorded the date and time of the larval exuvia spotting, larval-pupal ecdysis, 
and adult emergence. Likewise, to gain reliable estimates of body weight, the weights of fourth instars and pupae 
were recorded to the nearest 0.1 mg within two hours from the ecdysis using a precision balance (Ohaus PRser-
ies PR224). Similarly, morphometric measures were obtained by taking digital pictures using stereomicroscope 
Leica EZ4W at magnification 1 × of all individuals within two hours from the ecdysis and taking measurements 
with the open-access software IMAGEJ. The length and width of the thorax and abdomen and the total body 
length were measured for larvae. Cephalo-thorax length and width were measured for pupae (Supplementary 
Fig. S1)42,43. The sex of individuals was determined at the pupal stage by checking the last cephalo-thorax seg-
ment (Supplementary Fig. S1). After the record of weight and morphometric traits, a random sample of L4 and 
pupae (10–12 individuals for each stage) were removed and placed in RNAlater for future molecular analyses.

The experiments were run in a climate chamber set to 26 ± 1 °C, 14 h light and 10 h dark regime. Experimental 
larvae were fed daily with 1 mg of cat food. Because of water evaporation, the volume of each cup was checked 
daily, and prewarmed water was added as needed to maintain a total volume of 100 ml.
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Statistical analysis
Development time and weight data were analyzed using a three-way ANOVA. Sex, treatment, developmental 
stage, and their combined effects were used as independent variables, and multiple comparisons were carried 
out using glht function implemented in multcomp R-package44. Morphometric data of larvae and pupae were 
analyzed separately by principal component analysis (PCA). Subsequently, the effect of sex and treatment and 
their combined effect was tested by performing a two-way ANOVA on the first PCA components. Multiple 
comparisons were carried out using glht function implemented in multcomp R-package44. The degree of sexual 
dimorphism in development time was calculated with the Sexual Bimaturism index as SBM = (development time 
of the sex with longer development time/ development time of the sex with shorter development time)−1 9. The 
analogous Sexual Size Dimorphism index as SSD = (larger sex/smaller sex)-1 was calculated to estimate sexual 
size  dimorphism45. Since the PCA analysis did not highlight shape differences between pupae (see Results), for 
morphometric measures we calculated SSD index using the cephalo-thorax length. All statistical analyses were 
performed in R vers.4.1.2 (http:// www. Rproj ect. org/).

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 4 October 2023; Accepted: 2 January 2024

References
 1. Mori, E., Mazza, G. & Lovari, S. Sexual Dimorphism. In Encyclopedia of Animal Cognition and Behavior 1–7 (Springer, 2017). 

https:// doi. org/ 10. 1007/ 978-3- 319- 47829-6_ 433-1.
 2. Beehler, B. M. The birds of paradise. Sci. Am. 261, 116–123 (1989).
 3. Darwin, C. The Descent of Man (D. Appleton, 1871).
 4. Hedrick, A. V. & Temeles, E. J. The evolution of sexual dimorphism in animals: Hypotheses and tests. Trends Ecol. Evol. 4, 136–138 

(1989).
 5. Shine, R. Ecological causes for the evolution of sexual dimorphism: A review of the evidence. Q. Rev. Biol. 64, 419–461 (1989).
 6. Stearns, S. C. The Evolution of Life Histories (Oxford University Press, 1992).
 7. Blanckenhorn, W. U. et al. Proximate causes of Rensch’s rule: Does sexual size dimorphism in arthropods result from sex differ-

ences in development time?. Am. Nat. 169, 245–257 (2007).
 8. Nylin, S., Wiklund, C., Wickman, P.-O. & Garcia-barros, E. Absence of trade-offs between sexual size dimorphism and early male 

emergence in a butterfly. Ecology 74, 1414–1427 (1993).
 9. Teder, T., Kaasik, A., Taits, K. & Tammaru, T. Why do males emerge before females? Sexual size dimorphism drives sexual bima-

turism in insects. Biol. Rev. 96, 2461–2475 (2021).
 10. Zonneveld, C. the Trade-off between size and emergence. Am. Nat. 147, 946–965 (1996).
 11. Blanckenhorn, W. U. The quarterly review of biology: The evolution of body size: What keeps organisms small?. Quart. Rev. Biol. 

75, 385–407 (2000).
 12. Matsuura, K. Early emergence of males in the termite Reticulitermes speratus (Isoptera: Rhinotermitidae): Protandry as a side effect 

of sexual size dimorphism. Ann. Entomol. Soc. Am. 99, 625–628 (2006).
 13. Morbey, Y. E. Protandry, sexual size dimorphism, and adaptive growth. J. Theor. Biol. 339, 93–99 (2013).
 14. Morbey, Y. E. & Ydenberg, R. C. Protandrous arrival timing to breeding areas: A review. Ecol. Lett. 4, 663–673 (2001).
 15. Singer, M. Sexual selection for small size in male butterflies. Am. Nat. 119, 440–443 (1982).
 16. Honěk, A. Intraspecific variation in body size and fecundity in insects: A general relationship. Oikos 66, 483 (1993).
 17. Wiklund, C. & Solbreck, C. Adaptive versus incidental explanations for the occurrence of protandry in Butterfly Leptidea sinapis 

L.. Evolution. 36, 56 (1982).
 18. Whitman, D. W. & Ananthakrishnan, T. N. Phenotypic plasticity of insects. Phenotypic Plast. Insects https:// doi. org/ 10. 1201/ b10201 

(2009).
 19. Stillwell, R. C., Blanckenhorn, W. U., Teder, T., Davidowitz, G. & Fox, C. W. Sex differences in phenotypic plasticity affect variation 

in sexual size dimorphism in insects: From physiology to evolution. Annu. Rev. Entomol. 55, 227–245 (2010).
 20. Chelini, M. C., Delong, J. P. & Hebets, E. A. Ecophysiological determinants of sexual size dimorphism: Integrating growth trajec-

tories, environmental conditions, and metabolic rates. Oecologia 191, 61–71 (2019).
 21. Stillwell, R. C. & Fox, C. W. Environmental effects on sexual size dimorphism of a seed-feeding beetle. Oecologia 153, 273–280 

(2007).
 22. Rohner, P. T. & Blanckenhorn, W. U. A comparative study of the role of sex-specific condition dependence in the evolution of 

sexually dimorphic traits. Am. Nat. 192, E202–E215 (2018).
 23. Vea, I. M., Wilcox, A. S., Frankino, W. A. & Shingleton, A. W. Genetic variation in sexual size dimorphism is associated with vari-

ation in sex-specific plasticity in drosophila. Am. Nat. 202, (2023).
 24. Chelini, M. C. & Hebets, E. Field evidence challenges the often-presumed relationship between early male maturation and female-

biased sexual size dimorphism. Ecol. Evol. 7, 9592–9601 (2017).
 25. Zijlstra, W. G., Kesbeke, F., Zwaan, B. J. & Brakefield, P. M. Protandry in the butterfly Bicyclus anynana. Evol. Ecol. Res. 4, 1229–1240 

(2002).
 26. Fischer, K. & Fiedler, K. Sex-related differences in reaction norms in the butterfly Lycaena tityrus (Lepidoptera: Lycaenidae). Oikos 

90, 372–380 (2000).
 27. Mastrantonio, V., Porretta, D., Bellini, R., Nascetti, G. & Urbanelli, S. Molecular systematics and origin of the mediterranean sea 

rock-pool mosquitoes of the Aedes mariae (Diptera: Culicidae) Complex. Ann. Entomol. Soc. Am. 108, 593–599 (2015).
 28. Rioux, J. A. Les Culicide´s du midi Me´diterrane´en. Encyclopedie Entomologiqu XXXV. (1958).
 29. Morris, S. & Taylor, A. C. Diurnal and seasonal variation in physico-chemical conditions within intertidal rock pools. Estuar. 

Coast. Shelf Sci. 17, 339–355 (1983).
 30. Angilletta, M. J. Thermal adaptation: A theoretical and empirical synthesis. Therm. Adaptat. Theor. Empir. Synth. https:// doi. org/ 

10. 1093/ acprof: oso/ 97801 98570 875. 001.1 (2009).
 31. Rosenfeld, S. et al. The abundance and larval performance of Aedes phoeniciae in supralittoral rock-pools. Hydrobiologia 846, 

181–192 (2019).
 32. Bengoa, M., Rotger, A., Luzón, R. & Barceló, C. Larvae ecology and adult activity of Aedes mariae (Diptera: Culicidae) in a touristic 

rock-pool area of the Balearic Islands (Western Mediterranean). Bull. Entomol. Res. 112, 411–418 (2022).

http://www.Rproject.org/
https://doi.org/10.1007/978-3-319-47829-6_433-1
https://doi.org/10.1201/b10201
https://doi.org/10.1093/acprof:oso/9780198570875.001.1
https://doi.org/10.1093/acprof:oso/9780198570875.001.1


9

Vol.:(0123456789)

Scientific Reports |          (2024) 14:892  | https://doi.org/10.1038/s41598-024-51204-6

www.nature.com/scientificreports/

 33. Wormington, J. D. & Juliano, S. A. Sexually dimorphic body size and development time plasticity in Aedes mosquitoes (Diptera: 
Culicidae). Evol. Ecol. Res. 16, 223–234 (2014).

 34. Yee, D. A., Juliano, S. A. & Vamosi, S. M. Seasonal photoperiods alter developmental time and mass of an invasive mosquito, Aedes 
albopictus (Diptera: Culicidae), across its north-south range in the United States. J. Med. Entomol. 49, 825–832 (2012).

 35. Blanckenhorn, W. U. et al. Comprehensive thermal performance curves for yellow dung fly life history traits and the temperature-
size-rule. J. Therm. Biol. 100, 103069 (2021).

 36. Pottier, P., Burke, S., Drobniak, S. M., Lagisz, M. & Nakagawa, S. Sexual (in)equality? A meta-analysis of sex differences in thermal 
acclimation capacity across ectotherms. Funct. Ecol. 35, 2663–2678 (2021).

 37. Teder, T., Taits, K., Kaasik, A. & Tammaru, T. Limited sex differences in plastic responses suggest evolutionary conservatism of 
thermal reaction norms: A meta-analysis in insects. Evol. Lett. 6, 394–411 (2022).

 38. Kirk, W. D. Plant community diversity and native plant abundance decline with increasing abundance of an exotic annual grass. 
Oecologia 167, 481–491 (2011).

 39. Nayar, J. K. Effects of larval and pupal environmental factors on biological status of adults at emergence in Aedes taeniorhynchus 
(Wied). Bull. Entomol. Res. 58, 811–827 (1969).

 40. McGinnis, K. M. & Brust, R. A. Effect of different sea salt concentrations and temperatures on larval development of Aedes togoi 
(Diptera: Culicidae) from British Columbia. Environ. Entomol. 12, 1406–1411 (1983).

 41. Clark, T. M., Flis, B. J. & Remold, S. K. Differences in the effects of salinity on larval growth and developmental programs of a 
freshwater and a euryhaline mosquito species (Insecta: Diptera, Culicidae). J. Exp. Biol. 207, 2289–2295 (2004).

 42. Ukubuiwe, A. C., Olayemi, I. K., Omalu, I. C. J., Arimoro, F. O. & Ukubuiwe, C. C. Morphometric diagnosis of the effects of water 
hardness on development of immature life stages and adult vectorial fitness of Culex quinquefasciatus (Diptera: Culicidae) mosquito. 
Zoomorphology 137, 511–518 (2018).

 43. Bar, A. & Andrew, J. Morphology and morphometry of Aedes aegypti larvae. Annu. Rev. Res. Biol. 3, 1–21 (2013).
 44. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous inference in general parametric models. Biom. J. 50, 346–363 (2008).
 45. Poissant, J., Wilson, A. J. & Coltman, D. W. Sex-specific genetic variance and the evolution of sexual dimorphism: Asystematic 

review of cross-sex genetic correlations. Evolution 64, 97–107 (2009).

Acknowledgements
The authors thank Alessio Gezzi, Andrea Risi, Nicole Giardiello, Chiara De Nicola for their assistance with data 
collection. We also thank the Editor and three anonymous reviewers for their valuable comments on our manu-
script. Funding for this research was provided by from the Italian Ministry of University and Research (PRIN 
project: 2017KLZ3MA). DC was supported by the research project implemented under the National Recovery 
and Resilience Plan (NRRP), Mission 4 Component 2 Investment 1.4—Call for tender No. 3138 of 16 December 
2021, rectified by Decree n.3175 of 18 December 2021 of Italian Ministry of University and Research funded by 
the European Union—Next Generation EU. Project code CN_00000033, Concession Decree No. 1034 of 17 June 
2022 adopted by the Italian Ministry of University and Research, CUP J83C22000860007, Project title "National 
Biodiversity Future Center—NBFC". DP was supported by EU funding within the NextGeneration EU-MUR 
PNRR Extended Partnership initiative on Emerging Infectious Diseases (Project no. PE00000007, INF-ACT).

Author contributions
D.C. and D.P. conceptualized the study. G.C. collected and analyzed the data and wrote the initial draft of the 
manuscript. All authors contributed critically to interpretation of results, edited manuscript drafts, and approved 
the final version.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 51204-6.

Correspondence and requests for materials should be addressed to D.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-51204-6
https://doi.org/10.1038/s41598-024-51204-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sex-biased phenotypic plasticity affects sexual dimorphism patterns under changing environmental conditions
	Results
	Development time
	Weight
	Morphometry

	Discussion
	Methods
	Sampling and experimental conditions
	Phenotypic traits measurements
	Statistical analysis

	References
	Acknowledgements


