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Abstract: This study presents the first data on morphometry, length-weight relationship, diet,
reproductive biology, epibionts and genetic identity of the shamefaced crab Calappa granulata from
the central eastern Adriatic Sea. A total of 92 crabs were collected during 2011, 2014 and 2015, of
which 64 were females and 28 were males. Overall, 11 morphometric characteristics were mea-
sured. Carapace length of sampled individuals ranged from 48.46 to 76.09 mm, and body weight
from 47.06 to 221.39 g. The length-weight relationship showed negative allometry for males and
isometric growth for females. Analysis of the stomach content revealed the crab’s preference for
crustaceans (20.28%) and cephalopods (10.58%), less for fish (3.4%) and shellfish (0.28%). Size at first
sexual maturity (CLsg9,) of 59.25 and 66.92 mm was estimated for males and females, respectively.
Epibiotic serpulid polychaetes were recorded on the crab exoskeleton with an overall prevalence
of 29.3%. Analyses of a partial sequence of mtCOI showed high haplotype (Hd = 0.964) and low
nucleotide diversity (m = 0.00598). Phylogenetic inference and estimation of population differenti-
ation (Fst = 0.013, p = 0.271) with publicly available Mediterranean sequences currently imply one
homogenous population unit. To the best of our knowledge, these are the first nucleotide sequences
of C. granulata from the Adriatic Sea made publicly available.
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1. Introduction

The shamefaced crab Calappa granulata (Linnaeus, 1758) belongs to the family Calappi-
dae, known as ‘box crabs’, a group of easily distinguished brachyuran crustaceans with
broad and convex carapace, short walking legs that can be folded under the carapace and
large claws held close to the body. Box crabs have widespread distribution with preference
for tropical and subtropical waters and are typically found on inshore soft bottoms [1].
Species of the genus Calappa Weber, 1795 are most commonly found in the Atlantic, Indian
and Pacific Oceans, where they occur at depths from 0 to 1000 m [2]. They usually occur on
sandy and muddy bottoms that allow them to bury themselves backwards very quickly
using their chelipeds [3].

The sublittoral species C. granulata has been recorded in the Mediterranean Sea and
in the Eastern Atlantic from Portugal to Mauritania, including Azores, Madeira and the
Cape Verde Islands [1,4], inhabiting sandy mud and muddy bottoms at depths between
13 to 700 m [4]. Although very rarely, C. granulata is found in the middle and south part of
the Eastern Adriatic [5-8] and recently has been reported from the northern parts of the
Adriatic Sea [9-11].

Life history traits of C. granulata are poorly known, which is not surprising considering
its possible cryptic lifestyle [8] linked to burying behavior that serves many advantages,
such as avoiding predators [12,13], maintaining position in unstable and high-energy
environments [14,15] and preventing desiccation [15,16]. According to Bellwood [17],
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biological and ecological data for a majority of brachyuran species are limited because crabs
are hardly ever observed in their natural habitat with studied specimens obtained from
trawl fisheries. To date, there are only a few published papers on this species. In addition
to records indicating its distribution in the Ionian Sea [18], the Strait of Sicily [19], the Sea
of Marmara [20], the Aegean Sea [21] and the Adriatic Sea [7-11], most information is
given about its morphological description [1], larval development that includes description
of the prezoeal stage [22], morphology of the megalopa and first crab instar [23] as well
as morphology of the first zoeal stage [24]. Olianas et al. [25] give structural-functional
characterization of the C. granulata hemocyanin. Equally, genetic structure, diversity and
connectivity patterns have not been well studied in this species. Innocenti et al. [26]
reported high haplotype and low nucleotide diversity of C. granulata in the Mediterranean
basin (Tyrrhenian and Ionian Sea); however, the primary objective of this study was to
clarify species status of C. tuerkayana. Using morphological and genetic approaches in the
analyses of historical and recent samples, the authors have concluded that C. tuerkayana is in
fact a juvenile stage of C. granulata, and not a separate species as indicated in the literature.

Due to paucity of data for C. granulata, our aim was to expand the knowledge base on
this species by providing observations on its morphometry, length-weight relationships,
diet, reproduction and genetic identity to facilitate future work and population analyses
throughout the species distribution area.

2. Materials and Methods
2.1. Sampling

Specimens of Calappa granulata used in this study were obtained from commercial
trawlers operating in the central eastern Adriatic Sea at two locations (Figure 1). Samples
were collected at depths between 70 and 90 m, in October 2011, October and December
2014, and May 2015. A total of 92 individuals (64 females and 28 males) were collected
with commercial bottom trawl fitted with a 48 mm mesh size codend, towed at a speed
of 2.7-2.9 knots. Crabs were frozen on board and transported to the laboratory for fur-
ther analysis. A subsample of crab fresh gonadal tissue was fixed in 7% formalin for
histological processing.

Croatia

(7/..
)

Figure 1. Map of Calappa granulata sample localities (yellow dots) in the central eastern Adriatic Sea.

2.2. Morphometry and Length—Weight Relationships

In the laboratory, individuals were thawed and sorted by sex. Morphometric measure-
ments were taken with a digital caliper, with an accuracy of 0.01 mm, and body weight (BW)
was recorded to the nearest 0.01 g. In addition, the following morphometric measurements
were taken separately for each sex: carapace length (CL, distance across the carapace along
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the median line from the anterior to the posterior margin of the carapace), full carapace
width (FCW, distance across the carapace from tip of the lateral spines), short carapace
width (SCW, distance across the carapace from the anterior base of the lateral spines),
abdominal width (AW, distance between the margins of the fourth abdominal segment
in females and the fifth in males), thoracic width (TW, width is the distance across the
thoracic sternum between the notches at the bases of the second periopods), propodus
length (PL, maximum distance from the tip of the propodus to the articulation with the
carpus), chela height (CD, maximum distance between the dorsal and ventral margins of
the propodus), dactilus length (DL, distance from the tip of the dactylus to the articula-
tion with the propodus) and gonopod length (GL, length of the first pleopod in males).
Propodus length, chela height and dactilus length were measured on the left and right
sides. Based on the characteristic abdomen shape (narrow in males and wide in females),
as well as the appearance of the first pairs of pleopods (modified to gonopods in males),
sex determination was performed.

The relationships between different morphometric characters as dependent (AW, FCW,
SCW, TW, GL, CD, DL, PL) and carapace length (CL) as the independent variable were
modelled using a simple linear regression for each sex separately. In linear regression
formula (Y = a + b x CL, a = intercept, b = slope), the slope denotes the mean change in
dependent variable for one unit increase in independent variable (here carapace length). A
slope of 1 therefore indicates isometric growth, slope > 1 positive allometry and slope < 1
negative allometry [27]. The relationship between carapace length (CL) and body weight
(BW) was modelled for each sex using the following formula: BW = a x CLP, where
the allometry coefficient is expressed by the exponent b. The length-weight relationship
reflects an isometric growth when b = 3, negative allometry when b < 3 and positive
allometry when b > 3 [28]. The parameters a and b of this relationship were determined
using nonlinear least-squares estimates via nls() function for R software [29]. The bootstrap
method was employed to estimate Efron’s 95% confidence intervals [30] for all models and
their coefficients. The lack of overlap of 95% confidence intervals was taken as an indication
of statistical significance of differences between compared groups/parameters/target
values. The analysis was performed using the dplyr [31], purr [32] and rsample [33]
packages for R software. All plots were produced using the ggplot2 package [34].

2.3. Reproductive Biology

Each crab was dissected, and the stage of gonadal development determined after Silva
Castiglioni and Negreiros-Fransozo [35], taking color, shape and volume of reproductive
organs into account. Crabs were assigned as: immature (IM), rudimentary (RU), developing
(DI), developed (DE) and spent (SP) individuals. Individuals with immature and rudimen-
tary gonads were further classified as juvenile, and those with developing, developed and
spent gonads as mature. To test whether the male to female ratio significantly differs from
one, a simple Chi-square test was used.

For the estimation of size at first sexual maturity, the crab carapace length (CL) at
which 50% of the population was sexually mature was used. Maturity ogives were made
for both sexes separately, using percentage of mature individuals (developed and spent
individuals) distributed within the 4 mm size classes. For the estimation of crab size at
which 25% (CLys,), 50% (CLsge,) and 75% (CLys,) of the specimens were mature, a classic
generalized linear model with logit link function was applied. Confidence intervals were
determined by model bootstrapping.

For histological analysis of the gonadal tissue of 6 mature individuals (3 females
and 3 males), sections were fixed in 7% formalin and processed for routine histological
preparation. The tissue was dehydrated in a series of increasing ethanol concentrations
(from 70% to 100%), cleared in xylene and embedded in paraffin. Histological sections
were cut 5 um thick, stained with hematoxylin—eosin, mounted permanently on slides and
inspected with an Olympus BX51 microscope.
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2.4. Diet

Crab stomach content was examined under a dissecting microscope Olympus SZX10
and according to the prey remains (i.e., fish otoliths and bones, crustacean exoskeleton and
cephalopod beaks). Three major prey categories were identified: crustacean prey, fish prey
and cephalopod prey. Stomach contents that were unidentifiable due to the advanced state
of digestion were considered as non-identified organic matter.

The degree of fulness (DF) of each stomach was determined by visual assessment of
the amount of food in the stomach according to Williams [36] as: class 1 = 0% DF (empty),
class 2 < 5% DF (partially empty), class 3 = 5 to 35% DF (empty/intermediately full), class
4 = 35 to 65% DF (intermediately full), class 5 = 65 to 95% DF (intermediately full/full) and
class 6 > 95% DF (full). The percentage frequency of prey occurrence (%FO) was calculated
after Hyslop [37] using the equation: %FO = nx/Nh X 100, where nx is the number of
stomachs containing specific prey type and Nh is the number of stomachs with food. The
Chi-square test was used for overall statistical diet comparisons regarding sex, season,
maturity stage and size (crabs were grouped into 4 mm carapace length size classes). Due to
the small sample size of stomachs with food (N = 2), winter was excluded from the analysis.

2.5. Epibiosis

During examination of C. granulata specimens, serpulid polychaete tubes were ob-
served on the crab exoskeleton. The number of these macro-epibionts per host and the site
of occurrence on the host body (carapace, chelipeds and frontal between the eyes) were
recorded. Parasite prevalence (P), mean intensity (I) and mean abundance (A) of infection
were calculated and defined according to Margolis et al. [38] and Bush et al. [39]. Sterne’s
exact 95% confidence limits were calculated for prevalence, bootstrap 95% confidence limits
(number of bootstrap replications = 2000) for mean abundances, variance to mean ratio
(var/mean ratio) as a measure of overdispersion and exponent of the negative binomial
(k) for the parasite skewness, using Quantitative Parasitology 3.0 software (Budapest,
Hungry) [40]. For statistical analysis of differences in the prevalence, mean abundance
and mean intensity between the sexes, maturity stages and season, Fisher’s exact test and
bootstrap t-tests were used according to Rézsa et al. [41]. Spearman’s correlation coefficient
R was applied to determine the degree of association between serpulid abundance and
carapace length. A p value of less than 0.05 was considered statistically significant.

2.6. Molecular Identification

Fresh muscle leg tissue was sampled from 11 individuals caught in the spring of
2015, preserved in absolute ethanol and stored at +4 °C. DNA was extracted following a
modified protocol from Turtinen and Juran [42]. Briefly, a small piece of each muscle tissue
was digested in a solution of cell lysis buffer (0.2% SDS, 0.01 M TrisBase, 0.01 M EDTA,
0.15 M NaCl) and proteinase K (0.2 mg/mL) overnight at 55 °C. Proteins were salted out
at 13,000 rpm for 10 min in 2.2 M NaCl concentration. After isopropanol precipitation,
washing in 75% ethanol and drying, the DNA pellet was resuspended in TE buffer (0.01 M
Tris-HCL, 0.0125 M EDTA, pH = 8).

A region of cytochrome oxidase subunit I mitochondrial gene (mtCOI, 650bp long)
was amplified using primer pair LCO1490: 5GGTCAACAAATCATAAAGATATTGG3’
and HC02198: 5 TAAACTTCAGGGTGACCAAAAAATCA3J’ [43]. PCR reactions were
performed in a final volume of 25 uL and consisted of 1X PCR buffer, 3 mM MgCl2, 0.2 mM
dNTP, 0.4 uM of each primer, 1 U of Taq polymerase (Sigma Aldrich, St. Louis, MO, USA),
50 ng of DNA template and DNAse/RNAse free water. PCR conditions were set as follows:
3 min at 94 °C; 5 cycles of 94 °C for 30 sec, 45 °C for 90 sec, 72 °C for 60 sec; 30 cycles of
94 °C for 30 sec, 50 °C for 90 sec, 72 °C for 30 sec; with a final extension of 7 min at 72 °C.
All amplifications were performed using MyCycler Thermal Cycler (Bio-Rad, Hercules,
CA, USA). Successful PCR products were screened using 1% agarose gel electrophoresis
and sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems, Waltham, MA, USA) on an ABI 3100 automated sequencer, as provided by the
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Macrogen Europe sequencing service. The obtained DNA sequences were processed and
aligned in the software package Geneious 8.1.5 (Auckland, New Zealand) [44]. Sequences
were deposited to GenBank under Accession numbers OM653503-OM653513.

For phylogenetic analyses, sequences acquired in this study were combined with
mtCOl sequences of other Calappa species retrieved from GenBank https://www.ncbi.nlm.
nih.gov/genbank, accessed on 16 June 2022) (Accession numbers in Supplementary Table
51). Mursia africana MZ434771 was used as the outgroup species. Bayesian phylogenetic
inference was performed using MrBayes 3.2.6 [45]. The best-fit evolutionary model was
determined using the IQ-TREE web server with auto model selection [46—49]. According to
the Bayesian information criterion, the selected model was GTR+F+I+G4.

To measure genetic diversity, number of haplotypes (H), haplotype diversity (Hd),
number of polymorphic sites (S), nucleotide diversity () and average number of nucleotide
differences (k) were estimated using DnaSp 6.12.3.0 (Barcelona, Spain) [50,51]. Arlequin
3.5.2.2. [52] was used to estimate pairwise genetic differentiation between groups (Fst)
and the significance was tested by 10,000 permutations. Tajima’s D [53] was also calcu-
lated using Arlequin 3.5.2.2. (Lausanne, Switzerland) [52]. The haplotype network was
constructed using the median-joining distance method in PopART 1.7 (Dunedin, Otago,
New Zealand) [54].

3. Results
3.1. Morphometry and Length—Weight Relationship

Minimum, maximum and mean values with lower and upper limits of 95% confidence
intervals for morphometric parameters for all specimens of C. granulata caught in the central
eastern Adriatic Sea are shown in Table 1, while Table 2. presents the same values for each
sex separately. Body weight (BW) of shamefaced crabs ranged from 47.06 to 192.61 g in
males, with a mean value of 134.98 (95% CI: 124.91-144.9) and 54.26 to 221.39 g in females,
with a mean value of 123 (95% CI: 114.48-131.97). Carapace length (CL) of males ranged
from 48.46 to 72.94 mm and from 51.31 to 76.09 mm in females, showing no statistical
difference in mean values as indicated by overlapping 95% confidence intervals of the
means (Table 2).

Table 1. Minimum (min), maximum (max) and mean values with lower and upper limits of 95%
confidence intervals [95% CI] for morphometric characters (mm) of Calappa granulata (N = 92) from
the central eastern Adriatic Sea.

Morphometric Total Sample
Character * Min Max Mean [95% CI]

AW 7.14 19.77 14.49 [13.86, 15.1]

CL 48.46 76.09 65.92 [64.84, 66.97]
FCW 63.51 104.89 88.85 [87.09, 90.56]
SCW 60.06 101.22 84.44 [82.71, 86.09]

T™W 13.13 24.54 20.36 [19.92, 20.81]
CD.D 32.41 54.76 45.8 [45.03, 46.56]
CD.L 31.89 54.53 45.73 [44.89, 46.53]
DL.D 21.69 38.79 31.84 [31.12, 32.46]
DL.L 19.94 35.51 30.25 [29.64, 30.88]
PL.D 35.52 58.5 49.76 [48.76, 50.75]
PL.L 35.4 58.72 49.56 [48.53, 50.63]

* The abbreviations of all morphometric measurements can be found in Section 2.2. Morphometry and Length-Weight
Relationships.

In males, the left and right sides of propodus length, chela height and dactilus length
did not significantly differ, unlike in females where statistical difference was observed for
dactilus length between left and right side (Table 2). Between sexes, abdominal and thoracic
widths were significantly larger in females, while the length of left and right propoduses
was larger in males (Table 2). Gonopod length in males ranged from 15.28 to 24.1 mm, with
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a mean value of 21.42 mm. The relationships between different morphometric characters
and carapace length, i.e., the rate of their relative growth, were described using simple
linear regression (Figure 2). The parameters with corresponding 95% confidence intervals
are given in Table 3. In addition to its substantially larger size in females, abdominal width
showed increased relative growth with respect to carapace length in females compared
to males, with a significantly larger regression line slope (Table 3). Thoracic width also
showed slightly increased relative growth in females, while other morphometric characters
showed similar growth in both sexes (Figure 2).

Table 2. Minimum (min), maximum (max) and mean values with lower and upper limits of 95%
confidence intervals [95% CI] for morphometric characters (mm) of males (N = 28) and females
(N = 64) of Calappa granulata from the central eastern Adriatic Sea.

Morphometric Females Males

Character * Min Max Mean [95% CI] Min Max Mean [95% CI]
AW 10.79 19.77 16.07 [15.55, 16.52] 7.14 11.98 10.92 [10.53, 11.22]
CL 51.31 76.09 65.56 [64.11, 66.91] 48.46 72.94 66.74 [64.81, 68.31]
FCW 66.59 104.89 87.67 [85.53, 89.75] 63.51 102.05 91.51 [89.04, 94.1]

SCW 64.07 101.22 83.44 [81.41, 85.46] 60.06 96.21 86.67 [83.95, 89]
™ 15.63 24.54 20.87 [20.25, 21.38] 13.13 21.47 19.21 [18.55, 19.71]
CD.D 34.93 54.76 45.9 [44.89, 46.91] 32.41 50.95 45.57 [44.29, 46.84]
CD.L 31.89 54.53 45.68 [44.64, 46.65] 32.08 50.93 45.84 [44.57, 46.95]
DL.D 22.61 38.79 31.69 [30.88, 32.49] 21.69 36.69 32.17 [31.06, 33.15]
DL.L 19.94 35.16 29.77 [28.97, 30.51] 19.99 35.51 31.32[30.18, 32.37]
PL.D 36.72 57.94 48.76 [47.66, 49.93] 35.52 58.5 52.01 [50.11, 53.54]
PL.L 35.4 58.58 48.39 [47.25, 49.44] 35.44 58.72 52.2 [50.41, 53.79]

* The abbreviations of all morphometric measurements can be found in Section 2.2. Morphometry and Length-Weight
Relationships.

Length—weight relationships showed negative allometry for males (b = 2.31, 95% CI:
2.04-2.54) and isometric growth for females (b = 3.14, 95% CI: 2.96-3.33) (Figure 3). As their
respective 95% confidence intervals for parameter b did not overlap, females and males
of shamefaced crab in the central Adriatic Sea demonstrated a different length-weight
relationship, expressed by the following equations: BW = 0.0002381 x CL 3139033 (N = 64)
for females and BW = 0.0083295 x CL 2309820 (N = 28) for males.

3.2. Reproductive Biology

During this study, 28 (30.43%) male and 64 (69.57%) female specimens of Calappa gran-
ulata were analyzed. The sex ratio did differ statistically from the expected 1:1 (x> = 7.324;
p = 0.007) and was 0.44:1 in favor of females. In the total sample, the highest portion repre-
sented developed individuals (34.80%), followed by developing (28.30%), spent (16.30%),
rudimentary (13.00%) and immature ones (7.61%). Ovigerous females were not found.
Only one immature male was found (CL = 48.46 mm; BW = 47.06 g). No males in the
rudimentary stage were recorded. Data on carapace length and body weight range of
individuals in different maturity stage of both sexes are presented in Table 4. Smallest fully
matured developed males and females had CL of 61.21 mm and 67.35 mm, respectively
(Figure 4). Mature individuals were recorded in all samples, with a relative proportion of
85.37% in spring and 71.74% in autumn.

According to estimation of size at first maturity (CLsge,), males mature at smaller
carapace length than females (Figure 5). For males, CLspy, was estimated at 60.33 mm
(95% confidence interval (CI): 54.81-64.95) and at 67.95 mm (95% CI: 66.95-69.50) for
females. CLys9, and CL;7s5¢, were estimated respectively at 55.71 (95% CI: 50.34—61.42) and
64.94 (95% CI: 58.72-68.84) mm for males, and 66.40 (95% CI: 65.58-67.48) and 69.50 (95%
CI: 67.07-71.84) mm for females.
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Figure 2. Linear regression models with 95% confidence intervals between different morphometric
characters and carapace length of Calappa granulata males (M) and females (F) collected from the
central eastern Adriatic Sea: (A) no left/right sided characters; (B) left/right sided characters.
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Table 3. Parameters (intercept and slope) of linear regression equations with 95% confidence intervals
between different morphometric characters and carapace length of Calappa granulata males and

females collected from the central eastern Adriatic Sea.

Morphometric 95% CI 95% CI
Sex Chfracter * Intercept [Lower, Upper Limit] Slope [Lower, Upper Limit] R? Allometry
FCW —12.21 [—15.30, —9.36] 1.52 [1.48, 1.57] 0.98 +
SCW —10.78 [—13.88, —7.69] 1.44 [1.39, 1.48] 0.98 +
AW —5.81 [-7.25, —4.35] 0.33 [0.31, 0.36] 0.93 -
® ™W —3.48 [—-5.37, —1.82] 0.37 [0.35, 0.4] 0.92 -
% PL.L —4.14 [—7.02, —0.68] 0.80 [0.75, 0.85] 0.96 -
g PL.D —3.62 [—6.05, —1.02] 0.80 [0.76, 0.84] 0.96 -
= CD.L —-2.12 [—6.55,2.53] 0.73 [0.66, 0.8] 0.92 -
CD.D —0.53 [—3.08,2.97] 0.71 [0.65, 0.75] 0.94 -
DL.L —-5.33 [—8.03, —2.74] 0.54 [0.5,0.58] 0.93 -
DL.D —4.36 [-7.42, —0.77] 0.55 [0.5,0.6] 0.89 -
FCW —-9.75 [—17.06, —1.95] 1.52 [1.4,1.62] 0.94 +
SCW —10.55 [—18.93, —3.48] 1.46 [1.35, 1.58] 0.96 +
AW —-1.14 [—2.46,2.73] 0.18 [0.12,0.2] 0.88 -
™ —1.04 [—2.71,4.22] 0.30 [0.23, 0.33] 0.85 -
_ij PL.L —8.26 [—13.75, —1.38] 0.91 [0.8,0.98] 0.93 -
§ PL.D —5.67 [—10.04, 4.14] 0.86 [0.72, 0.93] 0.92 -
CD.L —0.50 [—4.23,10.33] 0.69 [0.53, 0.75] 0.93 -
CD.D —1.58 [—5.43,4.17] 0.71 [0.62,0.77] 0.94 —
DL.L —5.34 [—9.21, 6.89] 0.55 [0.37, 0.61] 0.84 -
DL.D —4.82 [—9.36,2.15] 0.55 [0.45, 0.62] 0.84 -
* The abbreviations of all morphometric measurements can be found in Section 2.2. Morphometry and Length-Weight
Relationships.
F M
2001
150 '.- Z
5 . 070
% o, v.t .

504

50

60

70

50

60

70

CL [mm]

Figure 3. Length-weight relationships of Calappa granulata males (M) and females (F) collected from
the central eastern Adriatic Sea (CL—carapace length, BW-body weight).

A total of six individuals, three males and three females, with mature developed
gonads were processed for histological examination. Histological analysis of the testicular
tissue revealed numerous seminiferous tubules surrounded by a thin layer of interstitial
connective tissue (ct) and an inner layer of columnar epithelium (Figure 6A). Seminiferous
tubules contained cells at different stages of spermatogenesis. Small clusters of spermatogo-
nia (sg) were found in the germinative zone in the basal lamina of the seminiferous tubules,
and clusters of spermatocytes (spc) were evident in the peripheral lining of seminiferous
tissue (Figure 6C,D). Most tubules had large lumen (lu) with few residual spermatozoa
(spz) indicating that mature spermatozoa were released towards the vasa deferentia (Fig-
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ure 6A,B). A cross section of middle vas deferens showed numerous spermatophores (sp)
that encapsulate mature spermatozoa (Figure 6E). The membrane of vas deferens has
columnar epithelium (ce) beneath the thin layer of connective tissue (Figure 6E). Oval sper-
matophores were embedded in the homogenous eosinophilic matrix with some granular
material (gm) (Figure 6F). All spermatophores contained one or more agranular substances
(as) (Figure 6F).

Table 4. Number of individuals (N), range (min—max) and mean values with standard deviation
(SD) of carapace length and body weight for each maturity stage of Calappa granulata collected from

the central eastern Adriatic Sea.

Males >Females
Maturity Stage N Min—Max Mean + SD N Min—Max Mean + SD
Carapace Length (mm)
Immature 1 48.46 / 6 51.31-61.68 54.89 £ 4.44
Rudimentary 0 / / 12 55.15-67.21 61.35 + 4.62
Developing 5 63.99-67.99 65.88 £ 1.91 21 59.69-70.61 64.84 +2.58
Developed 19 61.21-72.94 67.22 £ 3.41 13 67.35-71.28 69.23 +£1.35
Spent 3 68.29-72.77 71.15+2.48 12 67.53-76.09 71.65 + 2.63
Body Weight (g)
Immature 1 47.06 / 6 54.26-67.83 62.65 +4.73
Rudimentary 0 / / 12 66.77-106.79 90.66 + 11.38
Developing 5 111.61-131.41 118.81 +7.66 21 90.22-181.9 120.44 + 21.54
Developed 19 114.40-192.61 144.68 £+ 20.31 13 124.46-180.43 153.47 + 16.55
Spent 3 99.10-158.83 129.83 £ 29.90 12 121.77-221.39 152.98 + 28.33
F M
20
K%
S 15 Stage
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= RU
£10 DI
Y DE
S
S . W sp
s ==
|l — -
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Figure 4. Distribution of female (F) and male (M) Calappa granulata maturity stages IM—immature,
RU—rudimentary, DI—developing, DE—developed, SP—spent) presented in 4 mm carapace length
(CL) size classes. The specimens were caught in the central eastern Adriatic Sea.

Histologically, mature ovaries consisted of the following types of oocytes: oogonia (og),
previtellogenic oocytes (pvo), vitellogenic oocytes (vo) and mature oocytes (mo) (Figure 7).
The ovary is surrounded by a thick layer of connective tissue (ct) (Figure 7A). Vitellogenic
oocytes were the predominant cell type, while oogonia could be seen in the central germi-
native zone next to the few previtellogenic oocytes (Figure 7B,C). Previtelogenic oocytes are
larger than oogonia, have basophilic cytoplasm and oval nuclei (n) with distinct peripheral
nuclei (nc). In vitellogenic oocytes, cytoplasm increase was noticed because of yolk granule
(yg) formation and accumulation. A layer of follicular cells (fc) surrounds the vitellogenic
and mature oocytes. Mature oocytes are characterized by numerous large yolk granules
and lipid droplets (1d) that fill the entire cell, so the nucleus is either dispersed or not visible

(Figure 7D).
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Figure 5. Maturity ogives for females (F) and males (M) of Calappa granulata collected from the central
eastern Adriatic. The full line is the predicted maturity ogive over the size classes (carapace length)
of the species, and the dotted lines show the bootstrapped 95% confidence intervals. Dots indicate
observed proportions of mature crabs.

3.3. Diet

Stomach weight of Calappa granulata ranged from 0.33 to 2.42 g (mean = 1.13 & 0.10 SE)
in males and from 0.34 to 3.35 g (1.08 £ 0.07 SE) in females. Mean stomach weight for the
total sample was 1.09 g (£0.06 SE).

From a total of 92 collected stomachs, 32 (34.78%) stomachs were empty and 60 (65.22%)
contained food items and were used for further analysis. Non-identified organic matter
was evident in five (8.33%) stomachs, all in females collected during autumn. Regarding
the degree of fullness (DF) of all analyzed individuals, 34.78% were of class 1, 19.57%
class 2, 18.48% class 3, 9.78% class 4, 11.96% class 5 and 5.43% of class 6. The results of x>
tests showed no significant differences in the degree of fullness between sexes (x> = 3.054;
p = 0.692), seasons (x> = 4.141; p = 0.529), maturity stages (x* = 22.325; p = 0.323) and size
(x? = 9.224; p = 0.817). During both seasons, autumn and spring, the most individuals had
a degree of fullness of class 1, 39.13% and 29.27%, respectively, and the least individuals
were of class 6, 2.17% and 4.88%, respectively.

The analysis of stomach content showed that C. granulata mainly preys on crustaceans
(81.82%), then fish (30.91%) and cephalopods (25.45%) (Table 5). Bivalve remnants (1.81%)
were detected in the stomach content of only one female. There was no statistical difference
in diet composition between males and females (x? = 0.016; p = 0.992). Furthermore, the diet
preference did not change with respect to crabs’ maturity stages (x? = 22.325; p = 0.323,992)
or across size categories (4 mm CL size classes, x% = 32.451; p = 0.592) (Table 5). Crustaceans
were also a preferred crab diet item, followed by fish and cephalopods, across all seasons
(x> =7.439; p = 0.574).

3.4. Epibiosis

The overall prevalence, mean intensity and mean abundance of a serpulid tubeworm
colonizing Calappa granulata (N = 92) were 29.3%, 3.81 and 1.12, respectively (Table 6). The
epibionts were found dorsally on the carapace (46.62%), chelipeds (51.46%) and frontally
between the eyes (1.94%). Most crabs had a low number of epibiotic polychaets and only
one female (CL = 72.4 mm) collected from the central eastern Adriatic contained 19 of them.
Data on the prevalence, mean intensity and mean abundance for the total sample, both
sexes, season and maturity stages are presented in Table 6. Fisher’s exact test showed no
significant differences in serpulid prevalence between males and females (p = 0.804) and
the bootstrap t-test showed no significant differences between the sexes in mean intensity
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(t = —1.043, p = 0.301) and in mean abundance (t = —1.167, p = 0.256). Serpulids were
found on individuals of all maturity stages, with the highest prevalence of 33.3% recorded
for spent, and the lowest prevalence of 14.3% for immature individuals. However, there
was no evident statistical difference in prevalence across maturity stages (Fisher’s exact
test: p = 0.913). However, there was a significant difference in the prevalence of occurrence
between seasons (Fisher’s exact test: p = 0.0375), with more individuals bearing serpulids
in autumn, but with similar mean intensity (bootstrap t-test: 0.4415) and mean abundance
(bootstrap t-test: 0.066).

Figure 6. Histological cross sections of male Calappa granulata reproductive system: (A) developed
testes showing seminiferous tubules surrounded by layer of connective tissue (ct) and with lumen
(lu) containing few residual spermatozoa (spz); (B) detail of spermatozoa (spz) from the lumen of
the seminiferous tubule; (C) seminiferous tubules with large clusters of spermatocytes (spc) and
small cluster of spermatogonia (sg); (D) cluster of spermatogonia (sg) in the wall of seminiferous
tissue; (E) section of anterior vas deferens with numerous spermatophores (sp) and membrane with
columnar epithelium (ce) beneath the thin layer of connective tissue; (F) detail of spermatophore (sp)
filled with spermatozoa (spz) and agranular substance (as).
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Figure 7. Histological cross sections of Calappa granulata ovary: (A) Developed ovary showing
vitellogenic oocytes (vo), with oval nucleus (n) and distinct peripheral nucleolus (nc), surrounded
by a thick layer of connective tissue (ct); (B) ovarian section through central germinative zone filled
with oogonia (og), previtellogenic oocytes (pvo) and vitellogenic oocytes (vo).; (C) detail of ovary
with oogonia (og) and previtellogenic oocyte (pvo); (D) mature oocyte surrounded by a thin layer
of follicular cells (fc), showing numerous yolk granules (yg) and lipid droplets (1d) with nucleus (n)
barely visible.

Table 5. Percentage frequency of prey occurrence (% FO) from stomach contents of Calappa granulata
from the central eastern Adriatic Sea.

% FO
Crustacea Fish Cephalopoda
Sex
Males 94.12 35.29 29.41
Females 80.56 30.56 25.00
Total 81.82 3091 25.45
Season
Autumn 84.00 12.00 20.00
Spring 78.57 46.43 25.00
Maturity Stage

Immature 80.00 40 40

Rudimentary 80.00 / 40
Developing 69.23 30.77 30.77
Developed 88.89 33.33 33.33

Spent 100.00 45.45 /

The mean carapace length of infected and non-infected crabs (66.69 + 0.98 SE and
65.46 + 0.70 SE, respectively) did not significantly differ (t = —0,98; p = 0.330). There was
a weak positive relationship between crab size and serpulid abundances, but it was not
statistically significant (Spearman’s R = 0.213, p = 0.287).
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Table 6. Total mean prevalence (%) with Stern’s exact 95% confidence limits (CI), mean intensity and
mean abundances with bootstrap 95% confidence limits (CI) and variance to mean ratio of serpulid

polychaete colonizing Calappa granulata exoskeleton from the central eastern Adriatic Sea.

N of Host Prevalence (%) (CI) Intensity (CI) Abundance (CI) Var/Mean Ratio
Total Infected Sex
Males 28 9 32.1(0.17-0.52) 4.89 (3.00-6.22) 1.57 (0.71-2.79) 4.78
Females 64 18 28.1 (0.18-0.41) 3.28 (1.89-6.61) 0.92 (0.47-1.98) 8.28
Total 92 27 29.3 (0.20-0.39) 3.81 (2.70-5.74) 1.12 (0.70-1.87) 6.79
Season
Autumn 49 19 41.3 (0.28-0.57) 4.16 (2.79-6.68) 1.72 (0.96-3.07) 6.95
Spring 19 8 19.5 (0.09-0.34) 3.00 (1.38-5.38) 0.59 (0.20-1.32) 512
Maturity Stage
Immature 7 1 143 (/) 1.00 (/) 0.14 (/) 1.00
Rudimentary 13 3 23.1 (0.07-0.52) 1.00 (/) 0.23 (0.00-0.38) 0.83
Developing 23 7 30.4 (0.15-0.52) 3.86 (1.86-6.14) 1.17 (0.43-2.48) 5.16
Developed 34 11 32.4 (0.19-0.50) 3.64 (2.27-5.18) 1.18 (0.56-2.06) 4.30
Spent 15 5 33.3 (0.14-0.60) 6.40 (2.40-15.40) 2.13 (0.53-6.47) 11.91

3.5. Molecular Identification

Partial sequences for the mtCOI were obtained for all 11 analyzed specimens, quality
trimmed and aligned. According to BLAST results with the Genbank nr database, they
were all identified as Calappa granulata (average 99.1% identity). An alignment of 547 bp
was obtained and analyzed. A total of 11 variable polymorphic sites were detected, of
which six were singleton and five were parsimony sites. Overall, nine haplotypes were
identified with a high haplotype diversity (Hd) of 0.964 and a low nucleotide diversity
(7) of 0.00598. Seven haplotypes were represented by a single individual. The estimated
average number of nucleotide differences (k) was 3.273. Tajima’s D was —0.55324 (not
significant, p > 0.10). By combining C. granulata sequences from this study (Adriatic
Sea) with those publicly available from Genbank (Supplementary Table S1) from the
Mediterranean Sea and one sequence from the Atlantic Ocean (24 sequences, 512 bp long)
into a joint alignment, 17 haplotypes were identified, also with a high haplotype diversity
of 0.96. Nucleotide diversity was 0.00686 with an estimated k value of 3.511. Of 20 detected
variable polymorphic sites, 12 were singletons and eight were parsimony sites. Tajima’s
D was —1.25602 (not significant, p > 0.10). In this case, 13 haplotypes were represented
by a single individual (Figure 8). A relatively low and not significant Fsr value (0.013,
p = 0.271) was estimated between Adriatic and Mediterranean samples. The lack of genetic
structure was further supported by Bayesian phylogenetic inference. A phylogenetic tree
based on mtCOI sequences of multiple species of genus Calappa, including sequences
from this study, showed a well-supported joint clade composed of C. granulata from the
Atlantic, Mediterranean, and Adriatic areas (Figure 9), also confirming this species” correct
identification. A sister species to this clade seems to be C. pelli. Strong nodal support
was also found for the C. exanthematosa, C. galloides C. pokipoki grouped clade with a close
relationship to the main C. granulata and C. pelli clade.
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haplotype and short lines depict the number of mutations between haplotypes. Black spots represent
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4. Discussion

This study gives first insight into bio-ecological characteristics of the shamefaced
crab Calappa granulata from the Adriatic Sea. From a total of 92 crabs collected, one of
the largest samples ever described, only 28 were males, so there was a rather evident
statistical difference in crab sex ratio (0.44:1) in favor of females. This difference could be
due to the different behavior of males that perhaps dig deeper into sediment and therefore
are inaccessible to the fishing gear or possibly do not share the same habitat as females.
However, unlike these investigated crabs from the central part of the Adriatic, findings
from the northernmost part report all adult male individuals [9-11]. In Atlantic waters
(northeastern Venezuela), Alio et al. [55] also found the sex ratio being shifted towards
males in C. sulcata, C. flammea and C. nitida. However, these Calappa species are of great
commercial interest and these findings come from obtained data catches of the industrial
trawl vessels, from 1994 to 2000.

Dul¢i¢ and Tutman [9] reported the first finding of one male C. granulata near Umag
(the western coast of the Istrian peninsula) with CL of 75.0 mm, caught with gillnet at
about 25 m deep, concluding that the record of this species in the most northern Adriatic
indicates its broad distribution. Recently, Bettoso et al. [10] analyzed the morphometry
of two adult males, with CL of 73.7 and 77.5 mm, caught in the northernmost part of the
Adriatic (near Funtana and Piran) with different fishing gears, i.e., trammel net (at 20 m
depth) and bottom-set gillnet. In addition, Dul¢i¢ et al. [11] reported six adult males, with
CL ranging from 74.0 to 80.0 mm, caught near the waters of Savudrija, Pore¢ and Vrsar
(north Adriatic) by trawl net and trammel net, at about 20-25 m depth. The CL of male C.
granulata investigated in this study ranged from 48.46 to 72.94 mm, while CL of females
ranged from 51.31 to 76.09 mm. It appears that the males caught in the northern Adriatic are
somewhat larger than in our study, but due to the small sample size and the use of different
fishing gear, it is difficult to make any firm conclusions. Our samples were collected at
depths between 70 and 90 m, so much deeper than reported in the northern Adriatic [10,11].
Perhaps these size differences indicate a possible size-depth relationship in C. granulata.
According to Bettoso et al. [10], this northward expansion of C. granulata could be due to
climate change and global warming that are shifting benthic community structure.

Growth is an important part of species life history and an understanding of size,
weight and reproduction relationships is much needed for population dynamic studies.
Our results of calculated morphometric regressions showed significant differences for only
a few parameters: abdominal and thoracic width was larger in females, and propodus
length was larger in males. These sex-specific differences reflect already noted distinct sex-
ual dimorphism, i.e., in females the abdomen is substantially wider for accommodation of
fertilized eggs. Crustacean helipeds are secondary sexual characteristics and male crabs use
their larger chelipeds to embrace and protect females during pre-and postcopulatory behav-
ior (see references in [56]). Furthermore, a statistically significant difference was observed
in female chelipeds, with the right cheliped being larger, also reported in many brachyuran
crabs [57,58]. Analysis of the length-weight relationship of Adriatic C. granulata showed
negative allometry for males and isometric growth for females. Growth in brachyuran
crabs is generally isometric; however, differences in growth between juveniles and adults
have been reported [58]. In our sample we only had individuals with carapace lengths
larger than 48 mm, which clearly indicates the lack of smaller juvenile individuals and also
a small number of males, which had a strong impact on the analysis results. Furthermore,
our data were collected throughout the years and pooled for the study period; therefore,
it could be affected or biased by seasonal variations and their effects on the growth of
the species. Therefore, future studies should aim to obtain a larger sample including all
size ranges in order to better understand relationships of morphometric traits with sexual
maturity, reproduction and seasonality.

To understand a species’ life cycle, the knowledge of its reproductive biology and
strategy is essential. Unfortunately, we were not able to investigate the complete temporal
or seasonal gonad maturation cycle of investigated species, but we provide the first insight
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into some of C. granulata’s reproductive aspects. Our results show that males mature at
smaller carapace length (CL) than females. Size at first sexual maturity (CL5ge,) of 59.25 and
66.92 mm was estimated for males and females, respectively. The smallest developed male
measured 61.21 mm and female 67.35 mm CL, indicating that both sexes achieve sexual
maturity at the comparable size. In winter, only five mature individuals were sampled. In
both spring and autumn samples, individuals of all stages of gonadal development (from
immature to spent) have been found in similar frequencies. However, it is important to
emphasize that no ovigerous females were found during sampling. In brachyuran crabs,
continuous reproduction is indicated by the year-round presence of ovigerous and mature
females with similar monthly frequencies, unlike seasonal continuous reproduction when
these females are restricted to a determined season [59]. However, because our collected
material was not representative of all year seasons, i.e., lacking samples from summer and
a good sample size from winter, we can only speculate about C. granulata reproduction
patterns. At the moment, it seems that C. granulata in the Adriatic Sea has seasonal
continuous reproduction, and that the onset of spawning is during the warmer period of
the year when environmental conditions, namely temperature and food availability, are
more favorable. This hypothesis is supported by the only published data from Zariquiey
Alvarez [1] reporting ovigerous females of C. granulata in June, August and September.
To further elucidate the shamefaced crab reproductive pattern, a monthly year-round
periodical sampling of the investigated population is needed to assess the frequency of all
maturation stages of gonads across all seasons. Further, it would be of great importance
to validate macroscopically observed gonadal stages using histological analysis as well
as to combine gonad development and molt cycle data as suggested by Reigada and
Negreiros-Fransozo [60].

The findings of the present study provide a preliminary insight into the feeding habits
of C. granulata by examining general dietary categories. Brachyurans are known to prey
on slow benthic macroinvertebrates, such as crustaceans and bivalves [61], and crabs of
the genus Calappa usually use their right cheliped to crush the shell of their prey, mainly
mollusks [62]. According to Stev¢ié [3], C. granulata feeds on molluscs and hermit crabs
that use gastropod shells for protection. However, our results indicate that C. granulata is
an omnivorous species, with crustaceans being a preferent food component, followed by
fish and cephalopods. Other calappid crabs are also known for their omnivorous nature,
such as Acanthocarpus alexandri [63], Hepatus pudibundus [64], Matuta lunaris [3] and Matuta
victor [65]. In accordance with the crab’s predatory nature, the presence of hard remains
such as crustacean exoskeleton, fish otoliths and bones, was not surprising; however,
observation of cephalopod beaks and sucker rings in the crab stomach was. Cephalopods
are not a typical diet component of brachyurans and this finding could indicate their
scavenging activity or perhaps predation within the trawl sac. Therefore, cephalopods
would represent a diet component of opportunity. Unidentified cephalopods have been
reported in the diet of deep-water brachyuran crabs Paromola cuvieri and Geryon longipes [66]
and squid in the diet of brachyuran snow crab Chionoecetes opilio [67], however always in a
small percentage, indicating this is a rare diet component.

The results of this study showed no statistical difference in diet preference between
the crab sizes and sex, suggesting that individuals share the same habitat. However, it is
important to emphasize that the smallest sampled individual was an immature male of
48.46 mm CL. It would be of interest to explore the feeding habits of smaller immature
individuals to establish possible ontogenic habitat shifts. Bueno and Bond-Buckup [68]
did observe variation in prey choice between juvenile and adult anomurans Aegla platensis
and A. ligulata, but with no statistically significant differences. Stevens et al. [69] reported
that the ontogenetic switch in food preferences is probably a general phenomenon for
Cancer magister linked with the functional morphology of the mouth parts and chelae size.
Choy [61] also indicated that change in the cheliped strength and foraging behavior could
be the reason for the observed difference in the diet preferences of juvenile and adult Lio-
carcinus puber. Supporting this hypothesis are the findings of Perez and Bellwood [70] that
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reported considerable dietary changes during the ontogeny of Matuta lunaris in sampled
individuals of all size classes sharing the same habitat.

Our results also showed no statistical difference in prey preference regarding seasons.
The basis of traditional visual dietary analysis is taxonomic identification that requires ex-
pert knowledge and mostly relies on hard structures, while soft-bodied or highly digested
prey items can be under-represented or not detected at all. Furthermore, frequency of
occurrence data obtained by this classical methodological approach can be strongly affected
by level of detail during stomach content identification [67]. Recently, DNA metabarcoding
has been successfully applied to dietary studies of economically important lobsters Pan-
ulirus cygnus [71], Jasus edwardsii [72] and Metanephrops challengeri [73]. Given the cryptic
nature of investigated crab, a better understanding of its trophic interactions could be
achieved by using DNA metabarcoding in future studies [74,75].

Crustaceans are known to be colonized by sessile benthic organisms [76], especially
in soft bottom habitats [77], because their hard carapace represents a very suitable surface
to settle on [78-84]. In this study, we found macroepibiont serpulid Polychaeta settled
on the Calappa granulata exoskeleton. There are no studies of epibiotic polychaetes on
C. granulata reported yet, although their occurrence has already been documented for other
brachyurans, such as Carcinus maenas [85], Bathynectes piperitus [79], Callinectes ornatus and
Callinectes danae [80], Hyasthenus diacanthus and Lophozozymus pictor [86], Cancer gracilis and
C. magister [83] and Hyas araneus [84]. Most of the above-mentioned studies are lacking
quantitative information about epibiotic polychaete prevalence and intensity. It is interest-
ing that Becker [86] found bacteria and diatoms among epibionts of Calappa philargius from
the Gulf of Thailand, however no polychaetes. On the investigated shamefaced crab’s body;,
most epibiotic serpulids were found dorsally on chelipeds and carapace, likely because
those body parts are exposed when the crab is buried in soft sediment. Our results showed
that the rate of prevalence, intensity and abundance increase with carapace length and
maturity; however, no statistically significant relationship was observed between serpulid
prevalence and crab maturity stages. A similar finding has been reported for serpulid
epibionts on H. araneus by Dvoretsky [84], who explained that older and larger crabs are
exposed to a higher number of larvae which eventually grow on crabs that reached their
terminal molt and because larvae prefer carapace, a surface covered with bacterial film. It
appears, due to the low infestation numbers, that serpulids do not harm nor benefit the
shamefaced crab. As McGaw [83] suggested, there is probably no physiological cost to the
crabs by carrying an extra load of Polychaeta on the carapace because they do not reach
high densities.

Epibiosis correlates very well with crustacean molting cycle. Molting frequency
decreases as crab age, and when epibionts cover the major part of the carapace, it is
evidence of terminal molt [78]. So, due to the strong relationship between the epibiont and
its host, further investigations on epibiont distribution and occurrence pattern could be
useful to gain valuable information on the crab growth and molt cycle.

Here we report 11 new mtCOI sequences for Calappa granulata from the eastern Adri-
atic Sea, the first sequences contributed from this geographical location. We have observed
large haplotype and low nucleotide diversity, similar to what has been found for this
species in the Mediterranean [26]. Genetic heterogeneity is commonly considered a sign
of a healthy population, although this case requires further investigation. Tajima’s D
negative value indicates possible signs of population expansion of C. granulata through
the Mediterranean; however, it was not significantly different from neutrality, which is
in agreement with the non-star shaped appearance of the haplotype network. The haplo-
type network showed a dispersed topology with no most common haplotype identified,
the possible existence of missing haplotypes and no segregation according to Adriatic
or Mediterranean geographical origin. Lack of differentiation was also confirmed by the
low Fgr value (0.013, p = 0.271). Genetic diversity and differentiation need to be further
investigated to obtain a clear picture of C. granulata genetic structure and patterns of spatial
and temporal connectivity. This needs to include larger samples from different areas across
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different sampling times, especially for widespread marine species with larval disper-
sals [87]. Nevertheless, genetic homogeneity within the Mediterranean basin has been
previously demonstrated for crab species, such as Pachygrapsus marmoratus [87] or Palaemon
serratus [88], with geo-oceanographic barriers between Atlantic and Mediterranean waters
(Gibraltar Strait, Almeria-Oran Front), or Mediterranean and Aegean and Black seas restrict-
ing gene flow and larvae dispersal, causing population sub-division. To what extent this
applies to C. granulata remains to be seen. The phylogeny and species delineation within
the genus Calappa has not yet been completely resolved [26,89,90]. Innocenti et al. [26]
present morphological and genetic evidence (p-distances of 0.49% using the mtCOI marker,
with a threshold for interspecies differentiation being 2%) that the previous C. tuerkayana
is a juvenile stage of C. granulata. Using Bayesian phylogenetic inference, we reconstruct
a single well-supported clade of Adriatic and Mediterranean sequences from Innocenti
et al. [26], supporting the identity of C. granulata in the central eastern Adriatic Sea. In an
era of rapidly declining biodiversity, it is important to constantly populate DNA barcod-
ing databases with new sequencing data to facilitate molecular identification and genetic
diversity analyses, especially for not-well-investigated species. Decapods contain over
17,000 species, constituting important trophic members of benthic communities with some
supporting extremely valuable seafood and marine industries [91]. Understanding and
monitoring their life history traits and populations represent a key aspect in conservation
and management plans.
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