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Abstract

Fecundity in pleocyemate crustaceans is defined as the number of eggs produced per spawning event and is strongly
dependent on female body size, which can limit direct comparisons among populations. To address this limitation, we
evaluated geographic variation in fecundity in the porcellanid crab Pachycheles laevidactylus along the southwestern
Atlantic, comparing populations from Ubatuba (UB: southeastern Brazil) and Torres and Tramandai (TO and TR: southern
Brazil) based on both absolute average fecundity (F) and size-normalized fecundity (£’). Ovigerous females were mea-
sured for carapace length (CL), and egg number (EN) was quantified for each individual. Carapace length and absolute
fecundity followed the same pattern among localities (TR>TO>UB). However, after removing the effect of body size,
this pattern reversed (UB>TO>TR), indicating that the higher fecundity observed in southern populations may have been
driven by differences in the population size structure of ovigerous females. Size normalization also resulted in a sharp
reduction in variability, with the coefficient of variation decreasing by approximately 50% compared to absolute fecundity.
These results demonstrate that population structure can mask underlying differences in reproductive patterns, supporting
the use of size-corrected metrics in interpopulation comparisons. This approach provides a more consistent and biologi-
cally meaningful framework for assessing geographic variation in decapod crustaceans.
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Graphical Abstract

Body-size correction reverses the fecundity patterns
in Pachycheles laevidactylus Ortmann, 1892
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Introduction

Fecundity is one of the most relevant reproductive metrics
in decapod crustaceans and is commonly defined as the
number of eggs produced by females per spawning event
(Sastry 1983). Fecundity and spawning frequency are spe-
cies-specific traits that reflect reproductive and ecological
strategies (Pinheiro and Fransozo 1995) and are strongly
influenced by temperature, food availability, and the body
size of ovigerous females (Laptikhovsky 2006; Horch and
Terossi 2022a). These factors must be considered in geo-
graphic studies because environmental conditions influence
both growth patterns and population structure, often con-
founding the interpretation of reproductive output.
Latitudinal variation in reproductive traits has been
widely reported in marine invertebrates. In decapods, popu-
lations from colder regions often exhibit larger body sizes
and higher fecundity, whereas those from warmer envi-
ronments tend to mature earlier and at smaller body sizes
(Clarke 1987; Lardies and Castilla 2001; Brante et al. 2004,
Gonzales et al. 2016). However, these comparisons are gen-
erally based on raw fecundity values, which integrate both
reproductive allocation and population size structure. Con-
sequently, differences attributed to environmental gradients
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may reflect shifts in size distribution rather than true varia-
tions in reproductive investment.

In pleocyemate crustaceans, fecundity estimates are
based on a power function relating the number of eggs (NE)
to body size, represented in porcellanids by carapace length
(CL), because this relationship is often curvilinear (Pinheiro
and Fransozo 1995). However, linear models have also been
applied in some cases (Patel et al. 2024; Hamasaki et al.
2025), although they may not adequately capture the allo-
metric nature of this relationship.

Among anomuran crabs, the family Porcellanidae
Haworth, 1825 is among the most diverse, with species
distributed from tropical to temperate marine zones, where
they inhabit subtidal rocky shores or live in symbiotic asso-
ciation with other marine invertebrates (Haig 1960; Veloso
and Melo 1993; Werding et al. 2003; Leone and Mantelatto
2015). Pachycheles Stimpson, 1858 comprises 48 species
and is the second-largest genus in Porcellanidae (WoRMS,
2026). Pachycheles laevidactylus Ortmann, 1892, is widely
distributed along the southwestern Atlantic, from northeast-
ern Brazil to northern Argentina (Boschi 1963; Ogawa and
Rocha 1976; Camiolo and Luppi 2016). This species exhib-
its high symbiotic plasticity and occurs in mussel beds of
Brachidontes rodriguezii (d’Orbigny, 1842) (Camiolo and
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Luppi 2016) and in sandy aggregations built by the annelid
Phragmatopoma caudata Kreyer in Morch, 1863, (Horch
and Terossi 2022a).

Previous studies had documented considerable geo-
graphic variation in population and reproductive parameters
for Pachycheles laevidactylus along the Southwest Atlan-
tic (Ogawa and Rocha 1976; Pinheiro and Fransozo 1995;
Camiolo and Luppi 2016; Horch and Terossi 2022a; b). In
this context, populations from southern, and consequently
colder, locations exhibit larger body sizes, as well as a higher
absolute egg production (Camiolo and Luppi 2016; Horch
and Terossi 2022a; b), while lower fecundity was recorded
for warmer populations within the species’ distribution
(Pinheiro and Fransozo 1995). This geographic variation
in size is consistent with Bergmann’s rule, originally devel-
oped for endothermic organisms, but previously adapted for
marine crustaceans and other ectothermic organisms (Jara-
millo et al. 2017; Johnson et al. 2019). Considering that
the size of ovigerous females is positively correlated with
egg production, comparisons between populations in differ-
ent locations can generate differences in absolute fecundity
(Hines et al. 1982). In this sense, mathematical procedures
become necessary, aiming to remove the effect of body size
on reproductive effort (Pinheiro and Terceiro 2000).

This study aimed to evaluate the geographic variation in
fecundity of the porcelain crab Pachycheles laevidactylus,
removing the effect of female body size. We compared pop-
ulations from southeastern (Ubatuba) and southern Brazil
(Torres and Tramandai) using both absolute and size-normal-
ized fecundity. Since the southern populations are composed
of larger ovigerous females and fecundity increases signifi-
cantly with female body size, we hypothesized that differ-
ences in female size structure contribute substantially to the
higher absolute fecundity observed in these populations.

Fig. 1 Studied species and sam-
pling areas. (A) Adult specimen
of the porcelain crab Pachycheles
laevidactylus Ortmann, 1892;
scale bar: 4 mm (photograph by
Nahuel Emilliano Farias). (B)
Geographic localities of the study
area along the Brazilian coast.
(C) Sampling sites (Ubatuba,
Torres, and Tramandai) in the
southwestern Atlantic =
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Consequently, after considering body size, we predicted that
the observed geographic hierarchy for absolute fecundity
would be reduced or reversed, revealing size-specific egg
production differences among the sampled populations.

Material & Methods
Study Area and Sampling

Ovigerous females of Pachycheles laevidactylus (Fig. 1A),
associated with sandy aggregations produced by the annelid
Phragmatopoma caudata, were collected from three dis-
tinct localities (Fig. 1B, C): Ubatuba (UB), at Praia Grande
(23°28'1.58" S, 45°3'35.07" 'W), located on the northern
coast of the state of Sdo Paulo (subtropical region); Tor-
res (TO), at Prainha (29°2020.9” S, 49°43'23.0" W); and
Tramandai (TR), at Fishing Platform (30°00'16.7" S,
50°07'49.2" W), both located on the northern coast of the
state of Rio Grande do Sul (temperate region).

Specimens were collected during periods of low tidal
amplitude. In Ubatuba, sampling was conducted between
July 1990 and May 1991, whereas in Torres and Traman-
dai, sampling was carried out between November 2018 and
August 2019.

At each locality, sandy aggregations were inspected in
situ, and the oldest portions (~3 kg), identified by their
greater thickness, were selectively removed. These frag-
ments were placed in individual plastic bags for subsequent
sorting and analysis. In the laboratory, the material was fro-
zen at — 14 °C for approximately 1 h to cryo-anesthetize the
porcelain crabs. The samples were then transferred to plas-
tic trays, and the aggregations were carefully fragmented
and rinsed with water to separate the animals.
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Subsequently, the specimens were examined under a ste-
reomicroscope to ensure accurate identification based on the
diagnostic characters defined by Ferreira and Mello (2016).
Ovigerous females were then separated for further analysis.

Fecundity Analysis

Each individual was subjected to biometric analysis by mea-
suring carapace length (CL), defined as the distance from the
tip of the rostrum to the posterior margin of the carapace,
using a stereomicroscope (Axiolab®, Zeiss®) connected to a
computer-based image analysis system (KS-300%, Zeiss®),
with a precision of 0.01 mm.

The structure of ovigerous females in size-class distri-
bution, grouped into 1-mm body-size (CL) classes in each
locality, was used to construct frequency histograms for com-
parison. Additionally, the skewness coefficient (sk) was calcu-
lated at each locality, according to the classification proposed
by Wegner (2010) and Pinheiro et al. (2022). Accordingly, the
distribution of ovigerous females was characterized into three
categories: symmetrical (—0.5<sk<0.5); positively skewed
(sk>0.5), with a prevalence of the smallest individuals; and
negatively skewed (sk <—0.5), with the presence of the largest
individuals. The intensity of skewness was also evaluated and
categorized as slight (0.5 <|sk| < 1) or strong (jsk | > 1).

The eggs of each ovigerous female were carefully
removed from the pleon using a fine dissecting needle, and
the total number of eggs (NVE) was counted under a stereo-
microscope using a manual counter. The embryonic stage of
each mass of eggs was classified according to the criteria of
Pinheiro and Fransozo (1995), based on the embryo-to-yolk
ratio and the presence or absence of eye pigmentation, as
follows: initial stage, embryo/yolk ratio below 30% and no
eye pigmentation; intermediate stage, approximately 50%
embryo/yolk ratio and presence of eye pigmentation; and
final stage, embryo/yolk ratio above 70% and presence of
eye pigmentation. To minimize the potential bias associated
with egg loss during embryonic development, only oviger-
ous females with early-stage egg masses were included in
subsequent fecundity analyses.

For fecundity estimation, scatter plots representing the
relationship between NE and CL were initially constructed
for each locality. Empirical data points were fitted using a
power regression model (Y =a-X?), where NE is the number
of eggs (dependent variable), CL is carapace length (inde-
pendent variable), and a and b are constants representing the
intercept and slope of the model, respectively. The same data
were also log-transformed and subjected to linear regres-
sion analysis (/nY =Ina + b-InX) to linearize the relationship
and allow comparison among localities through analysis of
covariance (ANCOVA).

@ Springer

Absolute average fecundity (F) of P. laevidactylus, based
on the NE x CL relationship, was calculated for each local-
ity, with subsequent removal of the size effect in each case
to estimate size-normalized fecundity (), corresponding
to the relative average fecundity proposed by Pinheiro and
Terceiro (2000). Although this parameter represents a mean
value, it is hereafter expressed simply as F” for clarity and
consistency throughout the text., as represented by the fol-
lowing formula:

, 1 n  NE;
F = ﬁzi:l b
(cLy)

In this expression, F’ represents the size-normalized fecun-
dity, n is the number of ovigerous females at each locality,
NEi is the number of eggs counted in the i-th female, b is
the exponent of the fitted power function to the relation-
ship NE x CL, and CLi is the carapace length of the i-th
female.

Statistical Analysis

Shapiro—Wilk normality and Levene’s homoscedasticity
tests were applied to carapace length (CL, mm), fecundity
(NE, units), and size-normalized fecundity (F’) across the
three localities.

If the data met parametric assumptions, means were com-
pared using a one-way ANOVA followed by Tukey’s post
hoc test. For non-parametric data, medians were used as
measures of central tendency and compared using a Krus-
kal-Wallis (KW) test, followed by multiple comparisons
with Dunn’s test (Zar 1999).

The coefficient of variation (CV, in %), expressed by
the formula CV = (SD/mean) x 100, was also calculated to
compare the variability of the two main reproductive vari-
ables (F'and F) at each locality. This approach allows direct
assessment of variability, enabling comparison of CV before
and after removing the size effect: CV_Fvs. CV _F".

All analyses were performed in R (R Core Team 2026).

Results

A total of 580 ovigerous females were analyzed (Table 1),
comprising 155 from Ubatuba (CL: 3.3-9.6 mm), 228 from
Torres (3.4-12.1 mm), and 197 from Tramandai (3.3—
13.1 mm). The population structure of ovigerous females
was approximately symmetrical across all localities (Fig. 2),
being slightly positively skewed in Ubatuba and Tramandai
(sk=0.05 and 0.43, respectively), and slightly negatively
skewed in Torres (sk =—0.07).
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NE, number of eggs), and relative average fecundity ( 13’, dimensionless) of Pachycheles laevidactylus at each locality.

Values are represented as mean (x) + standard deviation (SD), with minimum (Min), maximum (Max), sample size (n), and coefficient of variation (CV, %)

Table 1 Summary of carapace length (CL, mm), absolute fecundity (F

F’ x 1073 (dimensionless)
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Min

CL (mm)
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n
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Fig. 2 Size-frequency distribution of ovigerous females of Pachyche-
les laevidactylus by carapace length (CL, mm) at each locality. Values
shown are sample size (n), average size (4S), and skewness coefficient

(sk)

The number of eggs per female in Ubatuba ranged from
2 to 964 (Table 1), with a mean of 155+178 eggs and a
high coefficient of variation (CV'=114.8%). A strong and
significant positive correlation was observed between NE
and CL (p=0.88; p<0.001), with a good fit to the power
function NE =0.0046-CL>*’ (R°=0.81) (Fig. 3). In Tor-
res, NE ranged from 1 to 2,749 eggs (2544351 eggs),
with an even higher CV (138.2%). A similarly strong
positive correlation with CL was also observed (p=0.91;
p<0.001), with a good fit to the function NE=0.0021-
CL*>*? (R*=0.79). In Tramandai, NE ranged from 1 to
3,000 eggs (431£497 eggs), also with high variability
(CV=115.3%), and showed a strong positive relationship
with CL (p=0.89; p<0.001), and a good fit to the func-
tion NE=0.0012-CL™% (R?=0.81). Across all localities,
absolute fecundity (F) of P. laevidactylus exhibited con-
sistently high variability, with CV values ranging from
114.8% to 138.2%.

Size-normalized fecundity (F) in Ubatuba ranged from
0.96:1073 to 21.0-1073 (5.6+3.6-:107%), with a markedly
lower variation (CV'=64.3%) than that observed for NE. In
Torres (0.04-1073 to 11.0-1073; 2.7+1.7-10"%) and Traman-
dai (0.01:10 3 t0 5.7-1073; 1.6+0.96-10"3), the same reduc-
tion in variability was observed (CV=63.0% and 60.0%,
respectively). Overall, the variability of /' was substantially
lower than that of NE, ranging from 60.0% to 64.3%, cor-
responding to an average reduction of 50.8% in CV after
removing the effect of size.
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When fitted to a linear regression model, fecundity in
P laevidactylus differed significantly among localities
(F=8.2; p<0.001), indicating that individuals from differ-
ent regions exhibited distinct fecundities at comparable car-
apace length. Body size (/nCL, covariate) also had a strongly
significant effect (F'=2542.1; p<0.001) (Table 2). However,
no significant interaction was found between locality and
body size (InCL x Locality: F=1.4; p=0.25), indicating that
the slopes of the absolute average fecundity (F) functions
did not differ among localities (Fig. 4; Table 2).

The body size (CL) of ovigerous females differed signifi-
cantly among localities (KW=33.88; p<0.001) (Fig. 5A),
following the hierarchy: TR>TO>UB. Absolute average
fecundity (F) also differed among localities (KW=29.29;
»<0.001), maintaining the same pattern (Fig. 5B). In con-
trast, size-normalized fecundity "’ showed significant dif-
ferences as well (KW=214.92; p<0.001), with the hierarchy
reversed: UB>TO>TR (Fig. 5C).

To account for the geographic proximity between the
two southern localities, an additional pairwise comparison
of size-normalized fecundity (F’) was performed between
Torres and Tramandai. This parameter differed significantly
between these sites (Wilcoxon rank-sum test: W=32792;
p<0.001), indicating substantial within-region variability
F’ despite their close spatial proximity. In addition, a sen-
sitivity analysis was conducted by pooling Torres and Tra-
mandai into a single “South” group and comparing the F”’ of
this group with that of the southeastern locality (Ubatuba).
This pooled regional comparison also revealed a significant
difference (W=55641; p<0.001), supporting the robustness
of the South—Southeast contrast when the southern sites are
considered jointly.

2000
1600
1200
800
400

9
Ubatuba
InNE = 5.29 InCL - 5.38
InNE = 5.52 InCL - 6.17
Tramandai
6 INNE = 5.89 InCL - 6.73
1]
4
£
3 4
0 - T T ;
0.90 1.35 1.80 2.25 2.70

Fig. 4 Log-transformed relationship between fecundity (/nNE) and
carapace length (/nCL) in Pachycheles laevidactylus across localities.
Fitted linear models illustrate differences among intercepts (a), while
slopes (b) remain consistent among populations

Discussion

This study evaluates geographic variation in fecundity
in Pachycheles laevidactylus by separating the effects of
female body size from size-independent reproductive output
across populations from southern and southeastern Brazil.
As reported in previous studies, ovigerous females of
Pachycheles laevidactylus from colder regions exhibited
larger body sizes and higher absolute fecundity (Cami-
olo and Luppi 2016; Horch and Terossi 2022b; Mosna et
al. 2023) than those from Ubatuba, reinforcing the well-
established positive relationship between female size and

Table 2 Analysis of covariance (ANCOVA) testing the effects of carapace length (/nCL, log-transformed values) and locality, on absolute fecundity
(InNE, log-transformed values) in Pachycheles laevidactylus. Values correspond to log-transformed variables. df=degrees of freedom; MS=mean
square; F-value=F-statistic. Bold values indicate statistical significance (p<0.05)

Source of Variation InNE

df MS F-value p-value
InCL 1 1466.2 2542.1 <0.001
Locality 2 4.7 8.2 <0.001
InCL x Locality 2 0.8 1.4 0.25
Residuals 574 0.6
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fecundity (Patel et al. 2024). This relationship reflects fun-
damental growth constraints in decapod crustaceans, in
which body size results from the cumulative outcome of
successive molting events and ultimately determines the
upper limit of reproductive output (Hartnoll 1982). This
size-dependent pattern is also consistent with observations
in other anomurans, such as Aegla marginata, in which
fecundity increases significantly with body size as a strategy
to maximize reproductive efficiency according to individual
growth conditions (Silva et al. 2016). However, this pat-
tern changed drastically after controlling for body size, with
Ubatuba showing the highest size-normalized fecundity.
This inversion is biologically significant, as it demonstrates
that the higher egg production observed in Torres and Tra-
mandai may be influenced by the size structure of ovigerous
females (Pinheiro and Terceiro 2000), masking underlying
differences in fecundity between populations.
Reproduction in crustaceans is influenced by multiple
abiotic drivers, including temperature (Pinheiro et al.
2017; Horch and Terossi 2022a), photoperiod (Bouchon et
al. 1992; Wang et al. 2025), precipitation (Craveiro et al.
2019; Aviz et al. 2024), and, in more terrestrial species,
air exposure and humidity (Marin and Tiunov 2023). Lati-
tude integrates much of this environmental variability and
is therefore a major source of geographic variation in life-
history traits (Bauer 1989; Vergamini and Mantelatto 2008;

Hernédez et al. 2012). For P. laevidactylus, previous stud-
ies have shown that populations from colder regions tend
to attain larger sizes and higher absolute fecundity (Ogawa
and Rocha 1976; Pinheiro and Fransozo 1995; Horch and
Terossi 2022a), a pattern consistent with the temperature-
size rule for ectotherms (Frizot et al. 2025). In warmer envi-
ronments, individuals generally mature earlier and become
ovigerous at smaller sizes, whereas in colder environments
growth is slower but maturity is reached at larger sizes
(Hines 1989).

In this context, the contrasting patterns observed for
absolute fecundity (F) and size-normalized fecundity (F)
highlight that these metrics capture different biological
dimensions. Absolute fecundity reflects total brood produc-
tion as a function of the size structure of ovigerous females,
whereas size-normalized fecundity isolates reproductive
production after removing the effect of body size (Hines
1982; Pinheiro and Terceiro 2000; Griffen et al. 2024). Such
differences can be interpreted within a life-history frame-
work, in which organisms optimize reproductive output
through trade-offs between growth and reproduction, adjust-
ing energy allocation according to local environmental
conditions (Hartnoll and Gould 1988). Thus, the observed
inversion between southern and southeastern populations
emerges only after accounting for size, revealing differences
that would otherwise remain obscured.

@ Springer



230 Page 8 of 11

Thalassas: An International Journal of Marine Sciences

(2026) 42:230

Temperature is often considered a key driver of the
reproductive process in decapod crustaceans (Laptikhovsky
2006). However, reproductive investment involves a trade-
off between egg number and egg size, and the present study
focuses exclusively on fecundity expressed as egg number.
Trade-offs between these traits have been documented in
decapod crustaceans, including porcelain crabs, in which
variation in fecundity may occur together with changes in
egg volume and reproductive output (Hamasaki et al. 2021).
Therefore, although the inversion observed here remains
valid for the number of eggs normalized by size, its interpre-
tation should be taken with caution, considering the absence
of egg size for a general understanding of latitudinal pat-
terns. Even so, the pattern observed here is consistent with
previous studies, where lower fecundity is reported in tropi-
cal and subtropical regions (Ogawa and Rocha 1976; Pin-
heiro and Fransozo 1995) and higher fecundity in temperate
zones (Horch and Terossi 2022a). Porcellanids generally
exhibit low tolerance to elevated temperatures (Stillman and
Somero 2000; Stillman 2004), and warmer conditions may
shift energy investment toward metabolism and somatic
maintenance at the expense of reproduction (Diaz 1980;
Pinheiro and Fransozo 1995). Thus, even in species with
continuous reproduction, such as P. laevidactylus, reproduc-
tive peaks tend to occur during colder seasons (Mosna et
al. 2023), resulting in a seasonal-continuous reproduction
(Pinheiro and Fransozo 2002; Vergamini and Mantelatto
2008). Comparable environmental modulation has been
documented for brachyurans such as Callinectes sapidus,
in which temperature and salinity gradients directly influ-
ence growth, reproductive timing, and fecundity, leading to
spatially structured population patterns (Marchessaux et al.
2023).

Food availability is another key factor influencing repro-
duction output in decapod crustaceans, as it determines how
energy is allocated between growth and reproduction (Sas-
try 1983; Conti et al. 2024; Qiao et al. 2024). Along the Bra-
zilian coast, marine primary productivity tends to increase
toward temperate regions, such as Torres and Tramandai,
where nutrient availability and phytoplankton production
are higher (Chavez et al. 2011), compared to subtropical
areas, such as Ubatuba. As a filter-feeding species, P. lae-
vidactylus depends largely on plankton and benthic food
sources (Zimba et al. 2016; Horch and Terossi 2022b). This
greater availability of food resources may contribute to the
higher absolute fecundity in southern populations, although
it does not necessarily translate into higher size-standard-
ized reproductive allocation.

Interpopulation differences in reproductive allocation are
reinforced by the ANCOVA results, which indicate signifi-
cant effects of body size and locality on fecundity, while the
absence of interaction (/nCL x Locality) suggests that the
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size-fecundity relationship is consistent across populations.
This suggests that differences among localities are primar-
ily associated with shifts in intercept (i.e., fecundity level),
rather than changes in the scaling relationship itself, indicat-
ing conserved allometric scaling among populations. Thus,
differences between localities are primarily associated with
changes in the intercept, or expected fecundity for a compa-
rable body size, and not with changes in the scaling relation-
ship itself. This result indicates that differences in egg count
related to locality remain detectable even after considering
female body size, although current data do not allow these
differences to be directly attributed to variation in reproduc-
tive energy investment.

A second key result of this study is the marked reduc-
tion in variability after removing the effect of body size.
The coefficient of variation decreased from approximately
114.8-138.2% in absolute fecundity to 60.0-64.3% in F’,
corresponding to a reduction of about 50%. This substan-
tial decrease demonstrates that a large proportion of the
observed variability in fecundity is attributable to differ-
ences in body size among ovigerous females. Thus, F’ pro-
vides a measure of fecundity that is less size-dependent and
more comparable across localities. By reducing the varia-
tion associated with female body size, this approach helps
to distinguish differences in egg count that are not simply
attributable to population size structure. Again, these results
should be interpreted with caution, not inferring that the
reduced variability is evidence of differences in total repro-
ductive investment, since egg size, energy investment, and
other factors were not quantified.

At the same time, an important limitation must be con-
sidered: the Ubatuba samples were collected in 1990-1991,
whereas the southern populations were sampled in 2018—
2019. These datasets were generated independently and
were not originally designed for direct comparison. Given
that coastal systems may undergo substantial changes over
decadal scales, particularly under ongoing climate warming
and increasing anthropogenic pressure, the present analy-
sis does not fully disentangle spatial from temporal effects
(Vasconcellos et al. 2023). Spatial replication is also a rel-
evant limitation, considering that southeastern Brazil is rep-
resented by one locality, while two localities were sampled
for southern Brazil. Therefore, the observed differences
should be interpreted cautiously as interpopulation patterns,
recognizing that some of the variation may also reflect long-
term environmental changes (Martinez et al. 2022).

The use of size-normalized fecundity (F’) removes the
size effect, enabling more consistent comparisons among
populations by reducing the influence of population struc-
ture (Pinheiro and Terceiro 2000). This approach is concep-
tually analogous to indices such as Fulton’s condition factor
(Le Cren 1951; Ricker 1975; Carvalho-Souza et al. 2023), in



Thalassas: An International Journal of Marine Sciences (2026) 42:230

Page9of 11 230

which size effects are similarly controlled. The present results
reinforce the value of this approach, as both the inversion in
fecundity patterns and the reduction in variability became evi-
dent only after applying size standardization. More broadly,
these findings highlight the importance of incorporating size-
corrected metrics in comparative reproductive studies, par-
ticularly when evaluating geographic variation.

Overall, the patterns observed here reinforce the idea
that reproductive output in brachyuran and anomuran crabs
arises from the interaction between growth dynamics and
environmental constraints, with organisms adjusting their
reproductive strategies through trade-offs that maximize
lifetime reproductive success across different ecological
conditions (Hartnoll 1982).

Future Directions

Future research should integrate egg size and offspring qual-
ity metrics to provide a more comprehensive evaluation of
reproductive investment, particularly in relation to environ-
mental gradients such as temperature and productivity.

In addition, studies conducted under standardized tem-
poral frameworks are needed to disentangle spatial from
long-term environmental effects, especially in the context
of ongoing climate change.

Experimental and physiological approaches may also
help clarify how energy is partitioned between growth and
reproduction under contrasting environmental conditions,
thereby improving our understanding of the mechanisms
underlying reproductive plasticity in porcellanid crabs.The
authors declare that they have no financial, professional, or
personal conflicts of interest that could have inappropriately
influenced the content of this work.

Conclusions

This study demonstrates that apparent geographic patterns
in the fecundity of Pachycheles laevidactylus are strongly
influenced by population size structure. While absolute
fecundity increased toward southern localities, this pat-
tern reversed after controlling for body size, revealing that
the Ubatuba population exhibited higher size-normalized
fecundity than the two southern localities.

These findings indicate that differences in fecundity
among populations are not solely driven by environmental
gradients but are largely mediated by variation in the size
distribution of ovigerous females. As a result, analyses

based exclusively on absolute fecundity may lead to mis-
leading interpretations of reproductive patterns across geo-
graphic scales.

The marked reduction in variability following size nor-
malization further reinforces the importance of account-
ing for body size when comparing reproductive traits. This
approach provides a more consistent and biologically mean-
ingful assessment of reproductive allocation.

Overall, this study highlights that population structure
can obscure underlying reproductive patterns and demon-
strates that size-normalized metrics provide a more robust
framework for evaluating interpopulation variation in deca-
pod crustaceans.
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