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Simple Summary: The exploitation of the Atlantic blue crab Callinectes sapidus has recently gained credit for
effectively mitigating the impacts of the species in invaded Mediterranean waters. A several of studies have
focused on the fishery biology of the species in the Aegean Sea and in the Eastern Mediterranean, while for other
sectors of the basin information are lacking. Here fyke net catches of C. sapidus in the Lesina Lagoon (Adriatic
Sea, SE Italy) were analysed on a monthly frequency between February 2021 and January 2022. A comprehensive
assessment of the crab’s life history parameters in terms of abundance, sex ratio, size-frequency distribution,
morphological maturation, growth, and mortality was provided adopting a suite of analytical techniques. The
results of the present study may provide a valuable knowledge basis for future comparative investigations on
the fishery biology of C. sapidus in Mediterranean waters.

Abstract: The fishery biology of the invasive Atlantic blue crab Callinectes sapidus in the Mediterranean Sea
outside the eastern sectors of the basin has been only recently investigated. Here we studied the population of
C. sapidus in the Lesina Lagoon (Adriatic Sea, SE Italy). In total, 838 crabs were captured monthly between
February 2021 and January 2022 using fyke nets. Abundances varied seasonally with catches per unit effort
ranging between 0 and 1.76 crabs fyke nets?! d!' in winter and summer. Spatial abundances estimated in summer
by a Carle-Strub procedure ranged between 0.06 and 0.64 crabs m2 Sex ratio (/%) was close to 1:1; males
prevailed only in August and September; ovigerous females occurred from April to August. Males’ size at
morphological maturity was smaller than females (110.6-112.3 mm vs. 122.1-123.1 mm). Seasonal von Bertalanffy
growth parameters indicated that, compared with males, females showed a shorter maximum lifespan (5 vs. 8
years), a higher growth coefficient K (0.6 vs. 0.4 y') and growth performance index ®' (4.6 vs. 4.3), while
maximum sizes CWeo (237.8 vs. 232.6 mm) and seasonality indices C (0.62 vs. 0.57) were similar. Furthermore,
females showed higher natural and fishing mortalities and exploitation rate. We discussed the results of the
present study in the context of the available literature to provide a valuable basis for the implementation of
standardised Mediterranean-scale management plans, matching exploitation of C. sapidus with sustainable
conservation of coastal ecosystems.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

The Atlantic blue crab Callinectes sapidus Rathbun, 1896 (“blue crab” hereafter) is a portunid
brachyuran characterized among other members of the genus by a trans-hemispheric distribution
along the western coasts of the Atlantic Ocean, ranging from the Gulf of Maine through the Gulf of
Mexico to Venezuela, Brazil, and Argentina [1-3]. In its native range, ecological and economic
importance, acting as a keystone species regulating trophic cascades and the transfer of energy
between the benthic and pelagic compartments [4,5], as well as representing the object of a major
commercial and recreational fishery [6-9]. Hence, a huge body of information exists on the biology
and ecology of the species primarily from the USA - among the thousands of publications available
to date, the book “the Blue Crab: Callinectes sapidus” [10] represents an outstanding example and
provides a comprehensive research reference - and from central and south American countries [9,11-
15].

In the past century, unsuccessful attempts have been made to deliberately introduce the blue
crab in California, Hawaii, and Japan [16]. In Europe the species was recorded for the first time in
1901 along the Atlantic coasts of France, probably introduced accidentally by ballast waters, while in
the Mediterranean Sea it appeared in 1947 in the Aegean Sea [3,16]. In the following years the blue
crab progressively extended its invasion range, with a remarkable expansion observed in the last
decade in the Mediterranean and Black Seas as well as along the European and African Atlantic coasts
[3,17,18].

A number of life-history and ecological traits likely contributed to the invasion success of the
C.sapidus [16,19-21], yet a crucial role might be attributed to its high fecundity - females produce 2 to
8 million eggs per spawning event and brood repeatedly during the year depending on water
temperature [22-24] and high dispersal capability of larval stages in coastal environments [25,26]. In
general, the high environmental connectivity of marine habitats represents one of the main factors
hampering the actions generally put in place to control bioinvaders, such as those aiming at their
complete eradication [27]. Functional eradication, i.e., targeting a population to decrease its density
to levels determining acceptable impacts on the invaded system, is presently acknowledged as a more
appropriate mitigation strategy [28,29], in particular when the bioinvaders are species of economic
interest [8,30]. The opportunity to develop an economically valuable fishery while controlling the
ecological impact of the blue crab has long been emphasized [8]. Recently, the General Fisheries
Commission for the Mediterranean (GFCM) identified adaptation strategies to cope with the
potential effects of invasive species on fisheries as target outputs of the mid-term strategy (2017-2020)
[31]. Noticeably, among the strategies developed, the Recommendation GFCM/42/2018/7 established
a regional program to fill scientific and research gaps on C. sapidus and the Lessepsian Portunus segnis
[32]; see also https://www.fao.org/gfcm/researchprogramme-bluecrabs. The underlying assumption
of the research program is that the integration of fishery management actions within a context of
functional eradication and impact mitigation requires an advanced, context-specific understanding
of the ecology and biology of the species across invaded Mediterranean countries.

A diverse set of impact-related ecological information is starting to become available at a whole
Mediterranean scale on the blue crab as related to e.g., its distribution and invasion dynamics
[3,18,20], multi-specific effects on recipient communities [33], trophic habits [21,34-37], contamination
by pollutants [38—43], and pathogens [44-46]. In contrast, studies focused on the fishery biology of
the species have been performed prevalently in the eastern sectors of the Mediterranean basin [47,48].
Recent investigations from Greece [48-50], Southern Italy [51], and Montenegro [52] are valuable
exceptions, yet additional research efforts are urgently needed on the biological characteristics of blue
crab populations to allow for an effective management of their Mediterranean stocks.

Accordingly, our primary aim was to contribute to fill this knowledge gap and perform a
comprehensive investigation of the abundance, size structure, sex ratio, reproductive biology, and
growth dynamics of the species in the Lesina Lagoon, an Italian brackish system located on the
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southwestern coasts of the Adriatic Sea. The blue crab was first recorded in the lagoon in 2007 and its
occurrence has been repeatedly confirmed in the following years [24,53] and the species currently
represents a predominant component of the by-catch of local artisanal fisheries [54]. Blue crabs were
captured using fyke nets on a monthly frequency over one year; a suite of analytical approaches and
tools based on size-frequency data were used to provide an in-depth scrutiny of crucial parameters
characterizing the fishery biology of the blue crab population in the Lesina Lagoon, including natural
and fishing mortality rates as well exploitation rates.

2. Materials and Methods

2.1. Study Area

The Lesina Lagoon (41.88°N, 15.45°E) is a shallow (0.7 m mean depth, 1.6 m maximum depth),
micro-tidal lagoon located northward of the Gargano promontory along the southwestern Adriatic
coasts of Italy (Figure 1a). The basin has a surface area of 51.4 km? and is separated from the Adriatic
Sea by an 18 km-long sandy bar. Seawater inputs are assured by the Acquarotta and Schiapparo
channels, located respectively at the western and eastern ends of the basin, respectively, while the
Lauro and Zannella streams, together with several intermittent creeks and ditches, contribute
freshwater in particular along the south-eastern coast of the lagoon (Figure 1a) [24,55]. These
hydrological conditions determine permanent, east-west temperature and salinity gradients [56,57];
however, a remarkable seasonal variability is generally observed in both temperature and salinity
values, with minima close to 10°C and 10 PSU observed in winter between December and February
and maxima of 25-29°C and 28 PSU occurring in summer between June and August [56,57].

Four experimental sites were identified in January 2021 in the eastern sector of the lagoon
(Figure 1a) where higher blue crab abundances are generally observed as compared with the rest of
the basin [58]. The sector is included in a natural reserve covering an area of 930 ha (DMAF
27/04/1981) and is a Natura 2000 site (IT9110031). The common reed Phragmites australis (Cav.) Trin.
ex Steud dominates the riparian vegetation while the interplay between freshwater and seawater
inputs affects the local salinity conditions and ultimately influences the occurrence and abundance
of aquatic angiosperms [Zostera noltei Hornemann, 1832 and Ruppia cirrhosa (Petagna) Grande, 1918]
and macroalgae [Zannichellia palustris L., Chaetomorpha linum (O.F.Miiller) Kiitzing, 1845,
Myriophyllum spicatum L., 1753, Chara globularis Thuiller, 1799] [59].
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Figure 1. (a) The Lesina Lagoon. Red circles and consecutive numbers indicate the location of the four fixed
installations used to capture Callinectes sapidus specimens during the study period. (b) Illustration of a typical
fyke similar to those used in the study. See the text for additional details on dimensions and sampling
procedures. Image credit: https://www.fao.org/fishery/en/geartype/226/en [60]. (c) Schematic representation of
the fixed installation located at Site 1. Please note that the figure is not in scale. Identical installations were
located at each of the remaining sampling sites identified in Figure 1a.

2.2. Sampling procedures

Fishers operate in the Lesina Lagoon during fall and winter (September to February) using fixed
gillnets, locally known as “paranze”, placed perpendicularly to the shores of the basin and conveying
mobile prey into fyke-nets (see Figure 1b for an example) located at regular intervals along them [61].
In this study, an experimental fixed installation based on the general operative principles of a
“paranza” was assembled at each study site on February 2021. In brief, the device was made of a 6
mm mesh size, 25 m long gill net perpendicular to the shore (leader) and 3 5 m long, 1 m wide
cylindrical fyke nets with a 8 mm mesh size of the final net chamber (Figure 1c). After 24 h, captured
prey from each site/fyke net combination was collected and transferred to the laboratory in
refrigerated containers. At each site, sampling operations were reiterated for six consecutive days; the
soaking time of the fyke nets was set at 24 h, yet it varied between 24 and 72 h during the investigation
due to bad weather conditions preventing field operations. In each month, on the first sampling day
a multi-parametric probe (Hydrolab DS5) was used to measure close to each installation water
temperature (°C) and salinity (PSU) in triplicate. Identical sampling procedures were repeated
monthly until January 2022.

2.3. Laboratory procedures

Collected brachyurans were identified to the species level; blue crabs were enumerated and
sexed according to the shape of the abdominal tergites (the “apron”) [22]. The morphological
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maturity status of individuals was determined by inspecting the apron [62,63]: males were recognized
as mature when they had an inverted T-shaped apron, while mature females had round aprons,
carried eggs or a mat of remnant brood setae. Individuals of both sexes showing triangular-shaped
aprons adhering to thoracic sternites were identified as juveniles. In addition, for ovigerous females
the developmental stage of the eggs based on a three-level colour scale (i.e., stage 1 = orange, stage 2
= brown, and stage 3 = black) was determined using the Virginia Marine Resources Commission
colour coding system (http://www.mrc.state.va.us/regulations/sponge.shtm).

Consequently, for each blue crab the cephalothorax width (i.e., the distance between the two
outermost anterolateral spines of the cephalothorax; CW hereafter) and length (i.e., the distance
between the centre of the anterior interorbital margin and the centre of the posterior margin;
hereafter), were measured to the nearest mm using a vernier caliper.

2.4. Climatic parameters

Air temperature and precipitation data measured at 4 m above the ground level were
downloaded from the website of the Agenzia Regionale per la Prevenzione e la Protezione
dell’Ambiente of the Puglia Region (ARPA-Puglia;
http://www.webgis.arpa.puglia.it/lizmap/index.php/view/map?repository=1&project=meteo;
accessed on August 11th, 2024). Data were obtained from the climatic station in the city of San Severo
(FG), located approximately 20 km southward of the Lesina Lagoon (41.695006N, 15.379159E).
Hourly air temperatures (in °C) and precipitation (in mm) were obtained for the period February 1+,
2021 - January 31¢, 2022. For the sake of clarity, temperatures were averaged per month; precipitation
data were cumulated over the same temporal resolution.

2.5. Data analysis

When not stated otherwise, values in the text are expressed as mean + 1 SE. All data treatments
and statistical procedures were implemented in the R package [64]. For univariate parametric
analyses, data normality and homoscedasticity were preliminarily checked using Shapiro-Wilks and
Levene tests, respectively; when necessary, data were log- or square root-transformed to meet the
assumptions.

Parameters repeatedly determined during the investigation (e.g., water parameters or CPUEs)
were treated as non-independent, time-correlated variables; accordingly, differences between
sampling months were tested using paired t-tests. Differences in ratios and deviations from 1:1 were
tested for significance using x2 tests. Statistical significance was evaluated at o = 0.05; when tests were
reiterated, a values were adjusted by performing sequential Benjamini-Hochberg corrections for
multiple tests to reduce the risk of a type-I error [65].

2.5.1. Abundance

The overall abundance of blue crabs recordedduring the investigation was estimated by
cumulating the number of captured individuals for each site over the different sampling times on a
monthly basis. Data were ultimately normalized by the total number of fyke nets per site (3) and total
soak time (in h), and expressed in Catch Per Unit Effort (CPUE hereafter) as N. of individuals fyke
net! d-.

In June and July, when CPUE values reached maximum values (see Results), the spatial
abundance of blue crabs was estimated for each of the four sampling sites using the Carle-Strub
depletion method [66]. The method overcomes the limitations characterizing other approaches such
as the Zippin removal method [67] when captures from passes two or three are higher than the first
pass. The Carle-Strub method was implemented using the FSA R package [68] on four consecutive
catch data with soak time = 24 h, and normalized by the expected area of action of each fixed
installation (i.e., 20 m x 9.5 m = 190 m2; Figure 1c).

2.5.2. Size cohorts

The occurrence of distinct cohorts in the size distribution of the blue crabs collected over the
whole investigation was verified using the Bhattacharya’s method [69]. The procedure was
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implemented in the TropFishR R package [70,71] on CW data by fitting Gaussian components to mode
means, and decompose the size-frequency distribution into a series of normal curves representing
the cohorts. Modes were accepted as distinct cohorts if their separation index was above a critical
value of 2.0 [72].

2.5.3. Growth dynamics and mortality

In temperate regions, seasonality significantly affects the growth of decapod crustaceans,
including the blue crab [73,74]. Here we used Somers’ seasonalised version of the von Bertalanffy
growth function (sVBGF hereafter) to calculate the growth parameters of the crab in the study area
[75,76]:

CW, = CWoo [1 _ e[—K(t—t0)+(C%)sinZn(t—ts)—(C%)sinZn(to—ts)]]

where CW: is the carapace width at age t (in mm), CWee is the asymptotic carapace width (in mm), K
is the annual growth coefficient (yr-), to is the theoretical time of the year when CW =0 and spawning
occurs [77], tsis the time of the year when the growth rate is highest, C is the magnitude of the seasonal
variation in growth, varying between 0 (no seasonal variation) and 1 (maximum variation).

Growth parameters were estimated using the TropFishR R package [70,71]. Specifically, CW
frequency data were aggregated at a monthly level, binned into 5 mm size class intervals, and
restructured after a square root-transformation to identify unobservable frequency peaks [78]
adopting a moving average span M of 9, 7, and 5 for the total number of individuals, and for females
and males separately. M was determined considering the number of bins spanning the width of the
smallest-sized cohort observed during the investigation (see Results)[79]. The Electronic LEngth
Frequency ANalysis (ELEFAN) procedure was implemented using an advanced optimization
approach based on a genetic algorithm and 1,000 resamples [79]; the procedure has been already
proven reliable for other brachyuran species [80,81]. The fit of the models was assessed by calculating
the fitting score index Rn as:

Rn = 1oESP/ASP/1O

where ESP is the estimated sum of peaks, computed by summing the scored bins intersected
by the sVBGF curve, and ASP is the available sum of peaks, computed as the maximum sum of
positive scored bins a single curve could get [78]. The procedure allowed the estimation of the
parameters of the sVBGF function (i.e., CWes, K, to, ts and C), the maximum age, and the growth
performance index (®’) computed as:

® =Log(K) +2 X Log(CWoo)

We estimated the total instantaneous mortality rate Z adopting the length-converted catch
curve analysis and the graphical approach proposed by Pauly [82] using the CW frequency data. To
calculate an approximation of the natural mortality M, due to e.g., predation or senescence, we used
the sVBGF growth parameters CWeo and K [83], while the instantaneous fishing mortality rate, F, was
estimated as F = Z - M. the exploitation rate E was calculated as E = F/Z [84].

2.5.4. Size at maturity

To determine the carapace width at 50% morphometric maturity (L50) in male and female crabs
we compared two different procedures. First we directly fitted a binomial logistic regression model
to CW measurements and maturity stage as classified by the inspection of the apron using the R
package AquaticLifeHystory [85]. The second procedure was indirect and assumed the occurrence of
statistically significant breaks in allometric relationships related with morphometric maturity. In the
blue crabs, the morphological maturity is known to be associated with variations in the shape of the
carapace in terms of length/width ratio [86,87]. Here we used the R package sizeMat [88] to classify
the individuals in two groups (immature and mature) using a Principal Components Analysis with
two allometric variables (CW = independent variable, CL = dependent variable) in log base.
Individuals were assigned to each group using Ward’s hierarchical clustering procedure applied to
Euclidean distances [89]. Subsequently, a linear discriminant analysis was performed to classify
individuals based on their CW and CL values. The L50 was ultimately estimated using a frequentist
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logit procedure. Segmented regression was applied to identify breakpoints and confidence intervals
at which biometric data indicated morphometric maturity in relation to the allometric relationships
[88].

3. Results
3.1. Water temperature and salinity

Water temperatures in the study area varied three-fold during the investigation, ranging
between 10.4 + 0.1 °C (January 2022) and 30 + 0.4 °C (July 2021), and generally mirroring the
atmospheric seasonality (Figures 2a and 2b; Pearson R?=0.96, P <0.0001, 10 d.f.). In particular, during
winter months (December, January, and February) similar temperatures lower than 11.1+01 °C were
recorded (max t=1.86, P=0.16, 3 d.f. for the comparison December 2021 vs. January 2022). In summer,
temperatures measured in June (26.7+0.3 °C) were significantly lower than in July and August 2021
(30+0.4 °C and 29.6+0.5 °C respectively; min t =9.24, P = 0.003, 3 d.f. for the comparison June vs. July)
the latter two months showing no significant differences (t =1.27, P=0.29, 3 d.f.).
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Figure 2. (a) Variation in mean (+1SE, n = 4) water temperature (°C) and salinity (PSU) in the study area during
the investigation. (b) Air temperatures (°C) and precipitations (mm) measured at the ARPA-Puglia climatic
station located in the city of San Severo (FG, Italy) during the study period. See the text for additional details.
Air temperatures are expressed as monthly means of hourly measurements + 1SE (boxes); whiskers are 95%
confidence intervals. Precipitation data are cumulated at a monthly scale.

In contrast, considerable temperature shifts occurred in spring when values doubled from
11.1+02 to 24.3+0.3 °C between March and May (min f=9.01, P=0.003, 3 d.f. for the comparison March
vs. April). Similarly, in autumn temperatures dropped significantly from 21+0.1°C to 13.8+0.1 °C
between September and November (min f = 4.65, P = 0.02, 3 d.f. for the comparison October vs.
November).

Water salinities ranged between 16.1+1.2 PSU (April) and 29.6+1.5 PSU (August) (Figure 2a). A
nearly significant co-variation was observed with temperature (Pearson r = 0.56, P = 0.06, 10 d.f.);
however, a less-pronounced seasonality was observed. In August, salinities were significant higher
than those observed in all the remaining months (min ¢ =4.19, P =0.02, 3 d.f. for the comparison with
November) with the exception of July (24.6+2.1 PSU; t = 2.67, P = 0.07, 3 d.f.). In April the lowest
salinities were measured, close to those determined in May (17.1+1.4 PSU; t = 1.41, P = 0.25, 3 d.f.).
June, July, and November showed similar values (max t =2.08, P =0.13, 3 d.f., for June vs. November)
ranging between 23.5+1.7 PSU (June) and 25+1.4 PSU (November), significantly higher than the
values determined in September, October, and December, when negligible differences were observed
(max t=3.02, P =0.06, 3 d.f. September vs. October). February, March, and January showed similar
values (max t = 1.38, P = 0.26, 3 d.f.), ranging between 18.9+0.7 PSU (March) and 19.7+0.1 PSU
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(January). In winter, significant differences were observed only between December 2021 and January
2022 or February 2021 (min ¢ = 5.96, P =0.03, 3 d.f. for the comparison October vs. November).

3.2. Abundance patterns

Overall, 838 blue crabs were collected during the investigation (Table 1). Mean total CPUE
estimations ranged between 0 in December 2021 and January 2022 when no specimens were captured,
and 1.76+0.37 (+1SE) crabs fyke nets! d-! in July.

Table 1. Number of blue crabs captured during the investigation. Mean carapace width and lengths are
included; standard errors are in parentheses while min-max ranges are in square brackets.

Total Females Males
N. individuals 838 427 411
Carapace width (mm) 146.4 (1.4) 150.6 (1.6) 142.1 (2.3)
[14 - 245] [20 - 230] [14 - 245]
Carapace length (mm) 66.4 (0.6) 66.3 (0.6) 66.4 (0.9)
[5-120] [11-90] [5-120]

Overall, total catches followed a seasonal pattern (Figure 3), significantly correlated with water
temperature (Pearson R? = 0.57, P = 0.01, 10 d.f.), but not with salinity (R? = 0.34, P = 0.28). CPUEs
progressively increased from February (0.15+0.02 crabs fyke nets! d-') to maximum, similar values in
June (1.51+0.69 crabs fyke nets' d-') and July (1.76+0.37 crabs fyke nets! d-; t =0.31, P =0.78, 3 d.f.).
May showed low, apparently off-pattern CPUEs compared with those determined in April and June
(0.3+0.2 vs. 1.3+0.4 and 1.5+0.7 crabs fyke nets? d-, respectively; Figure 3); however, no statistically
significant differences were observed (max t=2.71, P =0.07, 3 d.f., for the comparison May vs. June).
Subsequently, a progressive decrease occurred from August (1.18+0.1 crabs fyke nets! d) to
November (0.1+0.01 crabs fyke nets! d-'), when CPUE values showed values similar to February (t =
0.57, P=0.61, 3 d.f.). As observed for total catches, CPUEs of females and males showed a remarkable
seasonal pattern of variation (Figure 3) and a significant co-variation with water temperatures was
observed (Pearson R? = 0.66, P = 0.002 and R? = 0.34, P = 0.04 for males and females respectively; 10
d.f.). Noticeably, while females resulted completely independent from salinity (R?=0.003, P = 0.85),
males showed a nearly significant relationship (R?=0.31, P =0.06).
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Figure 3. Variation in mean (+1SE, n = 4) monthly catches per unit effort (CPUE, measured as N. individuals
fyke nets' d') of blue crabs determined during the investigation. CPUE values are reported for sexes combined

and for the two sexes separately.

An overall spatial abundance of 0.21 blue crabs per square meter (+ 0.07 SE, n = 8) was estimated
between June and July using the Carle-Strub depletion method on consecutive catch data (Appendix

A, Table A1).

Table 2. Mean spatial abundance of blue crabs (crabs m?; standard error in parenthesis) captured at the four
sampling sites in June and July estimated using the Carle-Strub depletion method (see text for details).

Site June July
1 0.64 (0.11) 0.19 (0.04)
2 0.06 (0.01) 0.08 (0.01)
3 0.14 (0.01) 0.12 (0.04)
4 0.09 (0.02) 0.25 (0.04)

Estimations varied ten-fold across sampling sites and months between 0.06 and 0.64 crabs m?2
(site 1 and 2 in June, respectively; Table 2) yet no significant effect of the factor “month” was observed

(t=0.56, P =0.61, 3 d.f.).

3.3. Sex ratio and ovigerous females

Of the 838 blue crabs captured during the investigation, 411 were males and 427 females (Table
1), with a total sex ratio of 0.96:1 (5:®?). The sex ratio remained close to 1 in February, March, June,
July, October, and November (max y2 = 2.98, P = 0.08; Figure 4a), while males dominated only in
August (5@ = 3.05; x2=13.63, P = 0.0002) and September (5% = 2.55; 2 = 4.51, P = 0.03). Conversely,
females outnumbered males in April (5:9 = 0.61; y2=6.52, P =0.01) and May (5:? =0.41; x2=4.86, P =

0.03).
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Figure 4. (a) Sex ratio of blue crabs captured during the investigation. The blue dashed line identifies the 1:1
ratio. Red bars indicate significant departures from a 1:1 ratio ()2 test, P < 0.05 after correction for multiple
tests) indicated by the blue dashed line. Statistical results for February and November 2021 should be
considered with caution given the low number of total specimens collected (<10). (b) Number of ovigerous
females at three colour-determined egg stages (stage 1 = yellow; stage 2 = brown; stage 3 = black) captured
during the investigation.

Ovigerous females (N =45) were captured for the first time in April (N = 13), when a prevalence
of individuals at egg stage 1 (N = 12) and only one female at egg stage 3 were collected (Figure 4b).
The highest number of ovigerous females were captured in May (N = 16) when females at egg stage
2 and 3 dominated over those at egg stage 1 (N =5 and 9 vs. N = 2, respectively). The number of
ovigerous females progressively decreased in the following summer months until August, with an
increase in the dominance of individuals at stage 3; no ovigerous females were collected in the
autumn and winter months (Figure 4b).

3.4. Size structure

Overall, blue crabs captured during the investigation showed a mean CW (+1SE) of 146.43+1.39
mm, with values ranging between 14 mm and 245 mm (Table 1). The mean CW of females (150.93+30.6
mm; Table 1), was significantly larger than that of males (142.86+45.11 mm; t-test with separate
variance estimates: t = 3.07, P = 0.002, 747.77 d.f.). Conversely, males showed a higher variability in
size, with values varying between 14 and 245 mm (A = 231 mm) while females ranged between 20 and
230 mm (A =210 mm; Table 1). The analysis of the CW-frequency distribution (Figure 5) of the total
number of captured blue crabs highlighted the occurrence of three main modes at CW values
corresponding to 25+0.67 mm (Age 0), 95.62+1.45 mm (Age 1), and 171.46+1.61 mm (Age 2+)
(mean=1SD). Small-sized individuals represented by the first mode showed a non-seasonal patterns,
as they occurred mainly in February and in November but were also captured in May and June
(Figure 6). Medium-sized individuals included in the second mode occurred mainly in summer
between June and July, while large-sized crabs belonging to the third mode were captured in spring
with a peak in April and throughout the summer and autumn months (Figure 6).

The first mode was not recognized in females, given the exiguous number of small-sized
individuals with CW <50 mm (N = 5) captured only in February and June (Figure 6); thus, only two
modes at CW = 111.37+1.95 mm and 169.06+1.11 mm were identified. Conversely, 14 small-sized
males with CW values < 50 mm were collected mainly in February and episodically in May, June,
September and November (Figure 6); accordingly, their frequency distribution was characterized by
three modes at 2.01+0.49 mm, 104.94+2.81 mm, and 179.97+1.75 mm. No remarkable sex-related
differences in the monthly frequency distributions were evident for medium- and large sized crabs
belonging to the second and third modal classes (Figure 6).
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Figure 5. Frequency distributions of the carapace widths of blue crabs captured during the investigation for
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identified by the modal analysis performed using the Bhattacharya method (bottom plots). See text for
additional details.
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Figure 6. Monthly frequency distributions of the carapace widths of blue crabs captured during the
investigation expressed in terms of sexes combined (a), females (b), and males (c).

3.5. Morphological maturity

On the basis of the visual classification performed on the shape of the apron, 92 females and
122 males were identified as immature, representing 21.54% and 29.68% of the total number of
captured individuals as per respective sex. Inmature and mature females were characterized by a
mean CW (+1SE) of 99.03+2.66 mm and 164.79+17.86 mm respectively, while the mean CW of
immature and mature males were 81.89+2.06 mm and 167.48+1.45 mm. Immatures represented in
February almost the totality of the catches independently from the sex; subsequently, the number of
immature individuals peaked in June and July in both sexes (Table 3); in June, in particular, they
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represented 63.16% of the total number of captured females and 87.38% of males. Contributions >

50% were also observed in August for females and in November for males (Table 3).

Table 3. Number of immature female and male blue crabs as identified by the shaper of the apron collected
during the investigation. The contribution (in %) to the total captures as per the respective sexes are reported in

parentheses.
Month Females Males
February 2021 4 (80) 6 (100)
March 1(3.13) 4 (14.29)
April 1(0.81) 1(1.33)
May 2 (5.41) 4 (28.57)
June 48 (63.16) 90 (87.38)
July 24 (28.24) 10 (14.71)
August 11 (52.38) -
September - 2 (6.06)
October - -
November 1(25) 5 (55.56)
December - -
January 2022 --- ---

The mean carapace width at morphological maturity (L50apron) of female and male blue crabs

was estimated using a bootstrapped binomial model at 122.1 mm and 110.6 mm, respectively
(Appendix B, Figure B1; see also Table 4 for SE and 95% bootstrapped CI).
Similar mean CL values were observed for females and males (Table 1; t-test with separate

doi:10.20944/preprints202410.0018.v1

variance estimates, t = 0.09, P = 0.92, 703.07 d.f.). The classification procedure performed on CW-CL
data successfully identified in both female and male blue crabs significant discontinuities that
allowed an effective discrimination of two groups of individuals (Figures 7 and 8). L50 values
calculated on the basis of the results of the analysis (L50cw-cL) were fully consistent with L50Apron
estimations, resulting in 123.1 mm for females and in 112.3 mm for males (Figures 8a and 8b), fully
overlapping in terms of 95% bootstrapped confidence intervals (Table 4).

Table 4. Mean carapace widths at morphological maturity of female and male blue crabs (SE in square
brackets; 95% bootstrapped confidence intervals are included) estimated through the visual classification
performed on the shape of their apron (L50apron) and through the analysis of carapace width-length
relationships (L50cw-cr). The total variance explained by the logistic models with a binomial error structure
fitted to the data (R?) is reported.

Sex R2  Mean (mm) 95% CI (mm)

L50Apron Females 0.82 122.1[2.2] 115.7 - 125.8

Males 0.93 110.6 [1.6] 107.2-113.9

L50cw-cL Females 0.95 123.1[1.8] 120.2 -126.5
Males 0.96 112.3 [1.7] 110-114.8
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Figure 7. (a) Relationship between carapace widths and lengths (in mm) in female blue crabs; linear regression
models are fitted to individual data subjected to a classification procedure (see text for details). The regression
equation and the total explained variance (R?) are provided for each linear model; the results of an ANCOVA
testing for statistically significant differences in the slopes of the two models are included. (b) The mean size at
maturity (L50) of female blue crabs estimated using a bootstrapped binomial model applied to individuals
classified as mature or immature through the analysis of carapace width-length relationships (L50cw-ct).
Shaded areas represent 95% bootstrapped confidence intervals. L50 values estimated using a Bayesian
procedure are reported in square brackets.
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Figure 8. (a) Relationship between carapace widths and lengths (in mm) in male blue crabs; linear regression
models are fitted to individual data subjected to a classification procedure (see text for details). The regression
equation and the total explained variance (R?) are provided for each linear model; the results of an ANCOVA
testing for statistically significant differences in the slopes of the two models are included. (b) The mean size at
maturity (L50) of male blue crabs estimated using a bootstrapped binomial model applied to individuals
classified as mature or immature through the analysis of carapace width-length relationships (L50cw-ct). Shaded
areas represent 95% bootstrapped confidence intervals. L50 values estimated using a Bayesian procedure are
reported in square brackets.

3.5. Growth and mortality

Table 5 summarizes the seasonal von Bertalanffy growth parameters estimated from carapace
width-frequency distribution data of female and male blue crabs (Appendix C, Figure C1).

Table 5. Seasonalised Von Bertalanffy growth parameters determined for female and male blue crabs in the
Lesina Lagoon. Estimations for sexes combined are included.
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Sex tt CWeo(mm) Agemax(y) K(y?) t C Q' Rn
Females  0.51 237.8 5 0.63 0.53 062 455 077
Males  0.52 232.6 8 036  0.75 057 429 058
Total 0.84 236.7 4.8 0.66  0.62 042 457 087

Females showed a larger CWe (237.78 mm CW) than males (232.56 mm CW); similarly, the
growth coefficient K was higher in females (0.63) than males (0.36). A seasonal growth oscillation was
more evident in females than in males (C = 0.62 vs. 0.57). The start of the slowest growth period was
estimated in January for males (WP =1). The growth performance index ®" was higher for females
than for males (@’ =2.55 vs. 2.31). The overall potential lifespan of the population was assessed in 4.8
years (Table 2), yet a remarkable sex-related difference was observed, as for females a maximum age
of 5 years was estimated, as compared to 8 years for males.

A total instantaneous mortality rate Z of 2.77 y-! was estimated for the whole population, yet an
almost three-fold difference was observed between sexes, with females showing the highest Z as
compared with males (Table 6). Similarly, natural mortality rates M confirmed a sex-related
differentiation; however, the largest dissimilarity occurred for the fishing mortality F, six times higher
in females than in males (Table 6). Exploitation rates were estimated in 0.57 for the whole the
population, with females twice as higher than in males (0.7 vs. 0.32; Table 6).

Table 6. Estimated total, natural, and fishing instantaneous mortalities (Z, M, and F respectively; in y-!) for blue
crabs in the Lesina Lagoon, as referred to sexes combined, and for females and males alone. Estimations of
exploitation rates (E) are included.

Parameter Total Females Males
Z 2.77+0.33 3.88+0.43 1.28+0.14
M 1.19 1.16 0.87
F 1.58 2.72 0.41
E 0.57 0.7 0.32

4. Discussion

4.1. Abundance, sex ratio, and size structure

The biology of Callinectes sapidus has long been investigated in its native range and a seasonally-
dependent pattern has been generally identified, even though considerable latitudinal variations may
occur in the timing of key events [90,91]. Temperature is a critical factor influencing the phenology of
the crab throughout its life cycle [90,92,93]. In addition, to complete its life cycle the species requires
both marine and brackish environments, with habitat use significantly affected by sex and ontogeny
[22,94]. The results of our analyses on blue crab catches in the eastern sector of the Lesina Lagoon are
coherent with this framework and reflect the interplay of seasonal variations in water temperature
with the crab’s behaviour and demography [94]. Indeed, the significant relationship observed
between CPUE values and water temperature, the latter in turn influenced by local climate, confirms
the results of a number of investigations carried out in native and invaded temperate coastal systems,
ultimately identifying in seasonally-related variations in climatic conditions a driver of blue crab
abundance fluctuations [6,48,95]. More specifically, in late spring (i.e., April and May) we observed a
prevalence of large-sized adult females with a CW comprised between 150 and 200 mm, likely
belonging to the third modal class presumably including individuals of age 2+ (Figure 5b and 7b).
The female population was predominant, and the majority of individuals were in an ovigerous
condition (Figure 4a and 4b). In the following months until September peak abundances of females
were observed, with ovigerous females progressively shifting to different egg stages, decreasing in
abundance to the point that the sex ratio ¢:? reached values between 2.5 and 3. During this period
together with females of age 2+, also specimens from the second modal class of age 1+ (CW ranging
between 80 and 130 mm) constituted a significant aliquot of the captures. In temperate environments,
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while male blue crabs generally reside in estuaries and other brackish waters independently from
their ontogenetic stage, in late spring adult females migrate after mating to neighbouring marine
waters to spawn [23,94]. Once released, planktonic larvae (zoea stage) are dispersed offshore;
subsequently, at the megalopa stage they return to brackish systems where they settle as juveniles
and complete their life cycle [23,94]. In addition, females store sperm from a single mating event, and
may have a lifetime reproductive potential of at least 8 broods distributed over more than 2 years
[96-98]. Our observations conducted during the late spring and summer months corroborate the
migration of two age classes of females inseminated in preceding years and prepared to leave the
lagoon, as evidenced by their presence at the Schiapparo mouth. In June and July, when the
maximum number of blue crabs was captured, spatial abundances were determined using the Carle-
Strub depletion method on consecutive catch data. A number of efforts have been made to provide
quantitative estimations of the spatial abundance of blue crab populations, and Taylor and Fehon [91]
summarized available data for shallow-water, unvegetated, soft-bottom habitats from the Middle
Atlantic, South Atlantic, and Gulf of Mexico. A considerable heterogeneity of results was observed,
due to differences in local conditions, in the ontogenetic stage targeted in the investigations, and in
sampling methodologies. However, summer densities ranged between 0.1 and 0.5 crabs m?2 on
average, with maxima between 0.12 and 2 crabs m2. Our estimations were consistent with these data,
as an overall spatial abundance of 0.21 crabs m? was determined, even though estimations varied
ten-fold across sampling sites and months between 0.06 and 0.64 crabs m-2.

In the following autumn months, the steep decrease in water temperature was mirrored by a
decrease in catches, motivated by the departure of mated females but also by the movement of
juveniles and mature males shifting to deeper waters to overwinter [6,94]. Indeed, the average water
depth of the Lesina Lagoon is 0.7 m yet the eastern sector is generally shallower, withmaximum water
depths of 1.6 m occurring in the central and western sectors [99]. Thus, it is likely that a partial
redistribution of individuals towards other sectors of the lagoon might have taken place from
September to early winter, when minimum CPUEs were observed in November. Catches in
subsequent months reduced to zero when water temperatures fell under 11°C (Figure 2). Winter
temperatures exert significant control over blue crab abundance and overall population dynamics of
blue crabs [92,100]. For example, moulting, and thus growth ceases when the temperature falls below
a minimum temperature threshold of 9-11°C [101,102]. Accordingly, at temperate mid-latitudes
where winter temperatures regularly fall below this threshold, blue crabs overwinter burrowing in
the sediment in a state of dormancy, when an increase in mortality rates can be observed [100,103—
105]. The immediate consequence is that no crabs are captured using fishing gears whose
effectiveness relies on active movement of the prey, as this is the case here. Noticeably, while
dormancy in winter months appears to be the norm in temperate coastal systems in the United States
such as the Chesapeake Bay, in invaded Mediterranean systems blue crabs have been shown to
remain active, even though at low abundances, when water temperatures fall below 9-11°C [48].
Accordingly, here we observed in February 2021 at water temperatures close to 11°C (Figure 2) low
abundances of juveniles belonging to the age 0 class and large-sized individuals from the age 2+ class
(Figure 3 and 7). Indeed, here we compared abundance patterns against monthly temperature means,
yet a more advanced analysis performed at a daily scale and based on degree-days might have
provided a more accurate picture of the events occurring at the onset of spring. Moreover, a
differential thermal sensitivity across age classes, ultimately reflecting in an asynchronous duration
of the dormancy period might be hypothesised here, yet this specific aspect of the biology of the blue
crab remains to date unexplored, deserving further investigations in both the native and invaded
ranges.

The results of our analyses provided a clear and consistent picture of the seasonal dynamics of
blue crabs in the Lesina Lagoon, yet some concluding methodological remarks are necessary. Here
we used fyke nets adopting a fixed-site design, generally acknowledged to provide reliable results
for population-scale studies on brachyurans [91]. In addition, compared with other fishing gears (e.g.,
baited traps), fyke nets are considered non-selective as they capture any specimen moving along the
shoreline and is intercepted by the leader regardless of its size and sex [106,107]. It is evident that the
differing movement behaviours between migrating females and less active males may have
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determine an increase in catchability of the former, at least during spring and summer months.
Further lago on-wide investigations based on non-selective dredge or trawl surveys and adopting a
stratified random design are necessary to corroborate our estimations of blue crab abundances, size
structure, and sex ratio. Specifically:

1) here we had no information regarding the catchability of blue crabs by fyke nets, thus our
estimations of abundances, both in terms of CPUE and spatial density by the Carle-Strub method,
might be under estimated. The catchability of a target species by a given type of fishing gear depends
critically on the absolute spatial density of the species itself [108]. Here the natural density of blue
crabs was unknown, and we cautiously assumed it proportional to the catches;

2) overall, the CW frequency distribution of crabs had a tri-modal shape with three age classes
assigned to age 0 (young-of-year crabs hatched during the preceding summer), age 1 (crabs one
year old) and age 2+ (crabs two or more year old; Figure 5a). Blue crab populations consist of two-
three year classes and possibly six to eight [62,109-111] as confirmed by the results of our seasonal
von Bertalanffy analysis (Appendix C, Figure Cla). However, contrary to males here for females the
age 0 class was not identified due to the paucity of sampled individuals. Since the sex ratio is
presumed to be balanced for blue crabs in the juvenile stage [112,113], sex-related differences in
movement behaviour might have influenced the catchability of fyke nets, ultimately biasing our size
structure assessments;

3) we observed a sex ratio close to 1:1, with females dominating in April, May, and July (Figure
4a). Information from system-wide dredge surveys in the US performed in winter generally indicated
balanced sex ratios [6,112]. Yet, a dominance of males has been reported in a variety of habitats along
the Atlantic coast [84,85] and in the Mediterranean Sea [48,50,106,114-116], with an exception
represented by studies performed in Turkey, where females prevailed [47,117]. As for the proceeding
point, we argue that, beside local factors that might differently affect the survival of males and
females (see further in this section), migration behaviour in females coupled with variations in
catchability of different fishing gears may bias the estimation of sex ratios [118], representing the
ultimate determinant of the disparity of results presented in the literature.

4.2. Size at morphological maturity

The assessment of the size at which organisms reach sexual maturity represents a key step in
fisheries management, as it sets the minimum size for individuals to breed at least once before being
harvested, ultimately protecting the reproductive potential of exploited populations [119,120]. In
addition, in invasive species management it may provide useful information for the implementation
of effective actions for functional eradication and the identification of harvest-driven trait changes in
the bioinvader of interest [121,122].

Here, the results of the analyses based on the visual inspection of the apron shape indicated for
females a larger L504pron than males (122.1 mm vs. 110.6 mm). The relatively scant body of information
available for the blue crab confirms the occurrence of dissimilarities between sexes consistent with
our findings, even though with varying degree of differentiation [123-125]. A number of factors might
be at the origin of the observed differences, including sex-specific strategies of energy allocation to
somatic and reproductive tissues during growth [126], as well as a differential sensitivity to variations
in local biotic and abiotic factors such as e.g., temperature, salinity or quality and availability of
trophic resources [97,127]. Local environmental conditions may as also be the determinants of the
huge variation in the size at morphological maturity observed across locations in both sexes
[47,48,123]; ultimately, fishing and overexploitation may further affect the size at maturity of females,
as evidenced in native US systems [128].

Noticeably, we showed that L50apron values matched those calculated using the classification
procedure based on the detection of discontinuities in CW-CL data (L50cw-cr: 123.1 mm and 112.3
mm for females and males, respectively). In crustaceans, growth is essentially continuous, while the
increase in external dimensions proceeds by a discontinuous series of moults mirrored by sudden
changes in the relative growth rates of body parts [126]. The strongest variations usually coincide
with morphometric sexual maturity when a metabolic and physiological trade-off between
investment in somatic or reproductive tissues related with gonadal maturation occurs [129]. To our
knowledge, this represents the first attempt to compare the two approaches for Callinectes sapidus (but
see [130] for other congeners). Additionally, while several studies on C. sapidus as well as the
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congeners C. danae and C. ornatus successfully adopted a similar allometric approach comparing
carapace width measurements against those of chelipeds, or the abdomen [123,130-133], no attempt
has been made to date to directly use CW-CL data. This is despite the fact that Newcombe and Gray
as early as 1938 [134] reported on changes in the shape of the carapace in blue crabs with the onset of
maturity, and that an abrupt variation in length/width ratio characterizes both females and males
after the pubertal moult [63,86,87,134]. Here we did not performed a geometric analysis of the
carapace shape in captured blue crabs as those presented in other morphometric studies on C. sapidus
and congeners [135,136]. Yet, given that the blue crab is characterized by prominent lateral spines
whose length relative to the total carapace width increases during growth [22,137], it is likely that the
change in length/width ratio characterizing sexual maturity may coincide with a transition from a
short- to a long-spined shape form [63].

The generality of our results must be necessarily confirmed by additional studies to verify the
occurrence of morphological variability in carapace shape across different populations as that
observed e.g., for Carcinus maenas [138]. However, we provided a clear and statistically robust
indication that allometric analysis on CW-CL data has the potential to assess morphological maturity
in blue crabs with an effectiveness similar to that provided by other conventional, time-consuming
procedures based on the examination of the apron or measurement of body parts.4.3. Growth and
mortality

Sumer et al. [47] summarized von Bertalanffy growth parameters (i.e., CWes, K, t0, and @’) for the
blue crab obtained from a number of sources. These data should be taken with caution, as they were
obtained on different sexes or sexes combined, and, most importantly, using mainly non-seasonal
von Bertalanffy models. In this study we analysed the growth dynamics of the blue crab using a
seasonal von Bertalanffy model, explicitly acknowledging the dependence of the phenology and
demography of the species upon seasonal variations in local abiotic and biotic factors such as
temperature and food availability [139]. Accordingly, here we discuss our results only considering
studies adopting a similar methodological procedure. Of the three investigations to date available,
one is a pond study performed in the USA [140] and two are on wild blue crab populations from
invaded Turkish [141] and Egyptian waters [142] (Table 6). In comparison to the aforementioned
references, our study showed for both sexes combined higher CWe and potential longevity (Age max
in Table 6), the lowest K, and intermediate o values (Table 4 and Table 6). The higher CWe and
potential longevity, and the lower K values were confirmed for females and males separately. The
comparison evidently does not allow for the identification of any general pattern, yet some issues can
be addressed in terms of differences between sexes within the Lesina Lagoon.

Table 6. Summary of literature information on seasonalised Von Bertalanffy growth parameters determined
for the blue crab. Data on sexes combined and for female and male only are reported.

Sex CWe (mm) Agemax(y) Ki(y?) to C ' Ref.
Total 201.6 3.7 0.81 0.22 0 4.52*  [19]
207.5 - 1.19/1.71 0.15-0.31  0.94/1.0 4.71-4.86 [140]
226.4*** 211 1.38 0.15 — 4.85*  [142]
Females 206.6 4 0.74 0.24 0 4.50*  [19]
181.9 2.72%* 1.1 0.85 0.93 4.52  [140]
227.6%** 2.07 1.51 0.15 - 4.89* [142]
Males 209.5 6 0.5 0.36 0.2 4.34*  [19]
230.1 3.49** 0.86 0.16 0.29 472 [140]
215.5%** 1.96 1.59 0.14 - 4.87* [142]

* CWeo originally expressed in cm; values were re-calculated using the equation F’ = Log(K) + 2 x Log(CWee); ** calculated as
3/K [143]; *** calculated from CLe data and CW-CL relationships provided in the publication

Summer represented the period with peak growth rates for both sexes (ts = 0.51-0.52), with an
evident seasonal variation of growth for females (C=0.62) and males (C=0.57) comprised within July
and August. Noticeably, in agreement with previous studies in US waters reporting longevities
varying between 3 and 8 years in relation with local environmental conditions and exploitation
pressures [110,111,144,145], our estimation of the potential longevity of blue crabs was 4.8 years for
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both sexes combined, with females showing a lower longevity than males (5 vs. 8 years). It can be
hypothesized that higher predation rates during breeding migrations, higher sensitivity to low
winter temperatures, and male-induced injury during copulation [62,103] may all contribute to an
increase in the natural mortality rate of females (1.16 vs. 0.87; Table 5), and ultimately a reduction
intheir longevity. Females also showed a fishing mortality more than 6 times higher than males, that
can be ascribed, as previously discussed, to the interplay of female-specific behaviour and fyke net
catchability in the sector of the Lesina Lagoon where the present study was carried out. Accordingly,
for females an exploitation rate twice as higher than that of males was determined (0.7 vs. 0.32). This
depicts a condition definitely opposite to what is done in native areas to protect blue crabs
populations [146]. Thus, while the whole blue crab population in the Lesina Lagoon does not appear
to be overexploited (E = 0.57), our results indicate that the fishing activities focused in the areas close
to connections with the sea may actually determine a remarkable impact on females. From a
conservation perspective, this represents an undeniable positive condition, as the capture of mated
females might effectively reduce the reproductive potential of the population and ultimately its
abundance. In the perspective of exploiting the species as a shellfish product, however, it implies an
evident risk of overfishing. A thorough assessment of the advantages and disadvantages of
alternative strategies of exploitation of the blue crab in the lagoon is necessary, and we strongly
recommend the implementation of an integrated strategy identifying an Optimum Blue Crab Yield
(OBCY) taking as a reference what has been proposed for the invasive lionfish Pterois spp. in the Gulf
of Mexico [147].

OBCY may set a target for catches of the entire population and for females only, exceeding the
conventional maximum sustainable yield (MSY) but still providing a relatively high sustainable yield.
This approach contributes to population suppression and the mitigation of its impacts on the
recipient system, exceeding the achievable results of targets set at or below MSY.

5. Conclusions

For invasive marine species of economic interest, an in-depth understanding of the ecological
and biological factors regulating their abundance and dynamics in recipient systems represents a
mandatory precondition to integrate fishery management with functional eradication and impact
mitigation. In the present study, we performed a comprehensive scrutiny of the biological
characteristics and life history traits of the population of Callinectes sapidus in the Lesina Lagoon. At
the same time, by using a suite of analytical approaches based on size-frequency data, we provided
important clues on the fishery biology of the crab while verifying the effectiveness of alternative
methodologies for estimating crucial parameters in fisheries management, such as size at
morphological maturity. Lastly, we casted the results of the investigation in an integrated perspective
acknowledging the need of controlling the abundance of the species to mitigate its ecological impact.
We are confident that the present study may provide a useful basis for the implementation of
standardised, cost-effective, Mediterranean-scale management plans focused on C. sapidus as well as
other invasive portunid brachyurans such as Portunus segnis [148], matching exploitation with
sustainable conservation and protection of coastal ecosystems.
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Appendix A
Table A1. Number of blue crabs captured in June and July on consecutive dates across the four sampling sites.
Month Date Site 1 Site 2 Site 3 Site 4
June 21/06/2021 34 5 11 5
22/06/2021 21 3 8 6
23/06/2021 15 1 4 4
24/06/2021 17 2 2 1
July 14/07/2021 11 7 5 17
15/07/2021 8 4 6 9
16/07/2021 5 2 4 6
17/07/2021 5 2 3 7
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Figure B1. The mean size at maturity (L50) of female (a) and male (b) blue crabs estimated using a

bootstrapped binomial model applied to individuals classified as mature or immature by the shape of their
apron. Shaded areas represent 95% bootstrapped confidence intervals.
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Figure C1. Restructured CW-frequency distributions with seasonal von Bertalanffy growth curves of blue
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References
1.

Williams, A.B. The swimming crabs of the genus Callinectes (Decapoda: Portunidae). Fisheries Bulletin 1971,
72, 685-798.

2. Johnson, D.S. The savory swimmer swims north: a northern range extension of the blue crab Callinectes
sapidus? |. Crust. Biol. 2015, 35, 105-110.
3. Mancinelli, G.; Bardelli, R.; Zenetos, A. A global occurrence database of the Atlantic blue crab Callinectes
sapidus. Sci. Data 2021, 8, 1-10.
4.  Silliman, B.R.; Bertness, M.D. A trophic cascade regulates salt marsh primary production. Proc. Natl. Acad
Sci. USA 2002, 99, 10500-10505.
5.

6.

7.

8.

10.

11.

Boudreau, S.A.; Worm, B. Ecological role of large benthic decapods in marine ecosystems: a review. Mar.
Ecol. Prog. Ser. 2012, 469, 195-213.

Sharov, A.F.; Velstad, ].H.; Davis, G.R.; Davis, BK.; Lipcius, R.N.; Montane, M.M. Abundance and
exploitation rate of the blue crab (Callinectes sapidus) in Chesapeake Bay. Bull. Mar. Sci. 2003, 72, 543-565.

Mendonga, J.T.; Verani, ].R.; Nordi, N. Evaluation and management of blue crab Callinectes sapidus (Rathbun,
1896) (Decapoda-Portunidae) fishery in the Estuary of Cananéia, Iguape and Ilha Comprida, Sao Paulo,
Brazil. Braz. |. Biol. 2010, 70, 37-45.

Mancinelli, G.; Chainho, P.; Cilenti, L.; Falco, S.; Kapiris, K.; Katselis, G.; Ribeiro, F. On the Atlantic blue
crab (Callinectes sapidus Rathbun 1896) in southern European coastal waters: Time to turn a threat into a
resource? Fish. Res. 2017, 194, 1-8.

Morales-Azpeitia, R.; Balmori-Ramirez, A.; Seefoo-Ramos, A.A.; Garcia-Caudillo, ].M. Evaluation and
estimation of reference points for the blue crab, Callinectes sapidus (Decapoda: Portunidae) of the Gulf of
Mexico. Hidrobiologica 2021, 31, 231-243.

Kennedy, V.S.; Cronin, L.E. The Blue Crab: Callinectes sapidus; Maryland Sea Grant College: College Park,
Maryland, 2007; p. 774.

Villegas-Hernandez, H.; Poot-Lopez, G.R.; Lopez-Rocha, J.A.; Gonzélez-Salas, C.; Guillen-Hernandez, S.

Abundance and catchability estimates of the Atlantic blue crab Callinectes sapidus based on mark-recapture
data from the northern Yucatan Peninsula. ]. Mar. Biol. Assoc. U.K. 2017, 98, 1455-1463.

12.  de Pasquier, G.A,; Pinto, L.G.; Buonocore, R.; Méndez, Y. Relaciones biométricas y proporcion de sexos del
cangrejo azul, Callinectes sapidus (Rathbun, 1896), en el Lago de Maracaibo, Venezuela. Ciencia 2012, 20, 151-
158.

13.

Lacerda, A.L.F.; Kersanach, R.; Cortinhas, M.C.S.; Prata, P.E.S.; Dumont, L.F.C.; Proietti, M.C.; Maggioni,
R.; D'Incao, F. High connectivity among blue crab (Callinectes sapidus) populations in the Western South
Atlantic. PLoS ONE 2016, 11, e0153124.

20


https://doi.org/10.20944/preprints202410.0018.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0018.v1

21

14. de Carvalho-Souza, G.F.; Medeiros, D.V.; Silva, R.d.A.; Gonzalez-Ortegén, E. Width/length-weight
relationships and condition factor of seven decapod crustaceans in a Brazilian tropical estuary. Reg. Stud.
Mar. Sci. 2023, 60, 102880.

15. Cesar, LL; Armendariz, L.C.; Olalla, N.; Tablado, A. The blue crab, Callinectes sapidus Rathbun, 1896
(Decapoda, Portunidae) in the Rio de la Plata, Argentina. Crustaceana 2003, 76, 377-384.

16. Nehring, S. Invasion History and Success of the American Blue Crab Callinectes sapidus in European and
Adjacent Waters. In Inn the Wrong Place - Alien Marine Crustaceans: Distribution, Biology and Impacts, Galil, B.S.,
Clark, P.F., Carlton, ].T., Eds.; Invading Nature - Springer Series in Invasion Ecology; Springer Netherlands:
2011; Volume 6, pp. 607-624.

17.  Cerri, J.; Chiesa, S.; Bolognini, L.; Mancinelli, G.; Grati, F.; Dragicevi¢, B.; Dul¢ic, J.; Azzurro, E. Using online
questionnaires to assess marine bio-invasions: a demonstration with recreational fishers and the Atlantic
blue crab Callinectes sapidus (Rathbun, 1986) along three Mediterranean countries. Mar. Pollut. Bull. 2020,
156, 1112009.

18. Castriota, L.; Falautano, M.; Perzia, P. When nature requires a resource to be used - The case of Callinectes
sapidus: distribution, aggregation patterns, and spatial structure in northwest Europe, the Mediterranean
Sea, and adjacent waters. Biology 2024, 13, 279.

19. Tireli, C,; Miller, T.; Glindogdu, S.; Yesilyurt, I.N. Growth and mortality of blue crab (Callinectes sapidus) in
the north-eastern Mediterranean Sea. | FisheriesSciences.com 2016, 10, 55-62.

20. Mancinelli, G.; Chainho, P.; Cilenti, L.; Falco, S.; Kapiris, K.; Katselis, G.; Ribeiro, F. The Atlantic blue crab
Callinectes sapidus in southern European coastal waters: distribution, impact and prospective invasion
management strategies. Mar. Pollut. Bull. 2017, 119, 5-11.

21. Mancinelli, G.; Guerra, M.T.; Alujevi¢, K; Raho, D.; Zotti, M.; Vizzini, S. Trophic flexibility of the Atlantic
blue crab Callinectes sapidus in invaded coastal systems of the Apulia region (SE Italy): a stable isotope
analysis. Estuar. Coast. Shelf Sci. 2017, 198, 421-431.

22.  Millikin, M.R.; Williams, A.B. Synopsis of biological data on blue crab, Callinectes sapidus Rathbun; FAO Fisheries
Synopsis 38: 1984; p. 39.

23.  Jivoff, P.; Hines, A.H.; Quackenbush, L.S. Reproduction Biology and Embryonic Development. In The Blue
Crab: Callinectes sapidus, Kennedy, V.S., Cronin, L.E., Eds.; Maryland Sea Grant College: College Park,
Maryland, 2007; pp. 255-298.

24. Cilenti, L.; Pazienza, G.; Scirocco, T.; Fabbrocini, A.; D’Adamo, R. First record of ovigerous Callinectes
sapidus (Rathbun, 1896) in the Gargano Lagoons (south-west Adriatic Sea). Bioinvasions Rec. 2015, 4, 281-
287.

25.  Johnson, D.R.; Perry, H.M. Blue crab larval dispersion and retention in the Mississippi Bight. Bull. Mar. Sci.
1999, 65, 129-149.

26. Png-Gonzalez, L.; Papiol, V.; Balbin, R.; Cartes, J.E.; Carbonell, A. Larvae of the blue crab Callinectes sapidus
Rathbun, 1896 (Decapoda: Brachyura: Portunidae) in the Balearic Archipelago (NW Mediterranean Sea).
Mar. Biodivers. Rec. 2021, 14, 21.

27. Havel, ].E.; Kovalenko, K.E.; Thomaz, S.M.; Amalfitano, S.; Kats, L.B. Aquatic invasive species: challenges
for the future. Hydrobiologia 2015, 750, 147-170.

28. Grosholz, E.; Ashton, G.; Bradley, M.; Brown, C.; Ceballos-Osuna, L.; Chang, A.; de Rivera, C.; Gonzalez, J.;
Heineke, M.; Marraffini, M.; et al. Stage-specific overcompensation, the hydra effect, and the failure to
eradicate an invasive predator. Proc. Natl. Acad. Sci. USA 2021, 118, e€2003955118.

29. Green, S.J.; Grosholz, E.D. Functional eradication as a framework for invasive species control. Front. Ecol.
Environ. 2021, 19, 98-107.

30. Cerveira, I; Baptista, V.; Teoddsio, M.A.; Morais, P. What's for dinner? Assessing the value of an edible
invasive species and outreach actions to promote its consumption. Biol. Invasions 2022, 24, 815-829.

31. FAO. Mid-term Strategy (2017-2020) towards the Sustainability of Mediterranean and Black Sea Fisheries. Food and
Agriculture Organization of the United Nations; Rome, 2017; p. 24.

32.  FAO. Recommendation GFCM/42/2018/7 on a regional research programme on blue crab in the Mediterranean Sea;
Rome, 2018; p. 5.

33. Clavero, M.; Franch, N.; Bernardo-Madrid, R.; Lopez, V.; Abelld, P.; Queral, ].M.; Mancinelli, G. Severe,
rapid and widespread impacts of an Atlantic blue crab invasion. Mar. Pollut. Bull. 2022, 176, 113479.

34. Rady, A.; Sallam, W.S.; Abdou, N.E.L; El-Sayed, A.A.M. Food and feeding habits of the blue crab, Callinectes
sapidus (Crustacea: Decapoda: Portunidae) with special reference to the gastric mill structure. Egypt. |. Aquat.
Biol. Fish. 2018, 22, 417-431.

35. Mancinelli, G.; Glamuzina, B.; Petri¢, M.; Carrozzo, L.; Glamuzina, L.; Zotti, M.; Raho, D.; Vizzini, S. The
trophic position of the Atlantic blue crab Callinectes sapidus Rathbun 1896 in the food web of Parila Lagoon
(South Eastern Adriatic, Croatia): a first assessment using stable isotopes. Mediterr. Mar. Sci. 2016, 17, 634-
643.


https://doi.org/10.20944/preprints202410.0018.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0018.v1

22

36. Kampouris, T.E.; Porter, ].S.; Sanderson, W.G. Callinectes sapidus Rathbun, 1896 (Brachyura: Portunidae):
An assessment on its diet and foraging behaviour, Thermaikos Gulf, NW Aegean Sea, Greece: evidence for
ecological and economic impacts. Crustac. Res. 2019, 48, 23-37.

37. Prado, P.; Pefias, A.; Ibanez, C.; Cabanes, P.; Jornet, L.; Alvarez, N.; Caiola, N. Prey size and species
preferences in the invasive blue crab, Callinectes sapidus: Potential effects in marine and freshwater
ecosystems. Estuar. Coast. Shelf Sci. 2020, 245, 106997.

38. Zotti, M.; Del Coco, L.; De Pascali, S.A.; Migoni, D.; Vizzini, S.; Mancinelli, G.; Fanizzi, F.P. Comparative
analysis of the proximate and elemental composition of the blue crab Callinectes sapidus, the warty crab
Eriphia verrucosa, and the edible crab Cancer pagurus. Heliyon 2016, 2, 1-15.

39. Tekin, S.; Pazi, I. POP levels in blue crab (Callinectes sapidus) and edible fish from the eastern Mediterranean
coast. Environ. Sci. Pollut. Res. 2017, 24, 509-518.

40. Renzi, M; Cilenti, L.; Scirocco, T.; Grazioli, E.; Anselmi, S.; Broccoli, A.; Pauna, V.; Provenza, F.; Specchiulli,
A. Litter in alien species of possible commercial interest: The blue crab (Callinectes sapidus Rathbun, 1896)
as case study. Mar. Pollut. Bull. 2020, 157, 111300.

41. Compa, M,; Perello, E.; Box, A.; Colomar, V.; Pinya, S.; Sureda, A. Ingestion of microplastics and microfibers
by the invasive blue crab Callinectes sapidus (Rathbun 1896) in the Balearic Islands, Spain. Environ. Sci. Pollut.
Res. 2023, 30, 119329-119342.

42. El Qoraychy, I; Rharrthour, H.; Hammani, O.; Wariaghli, F.; Touhami, F.; Jaziri, H. Heavy metal
accumulation in blue crabs (Callinectes Sapidus) in Gharb Region, Morocco. Egypt. |. Aquat. Biol. Fish. 2023,
27, 695-705.

43. De Giorgi, R.; Bardelli, R.; Cilenti, L.; Falco, S.; Fanizzi, F.P.; Guerra, M.T.; Katselis, G.; Kevrekidis, K,;
Mancini, F.; Doria, L.; et al. Opportunistic omnivory impairs the use of the Atlantic blue crab Callinectes
sapidus as a trace metal biomonitor in invaded Mediterranean coastal waters. Mar. Pollut. Bull. 2024, 206,
116715.

44. Pagliara, P.; Mancinelli, G. Parasites affect hemocyte functionality in the hemolymph of the invasive
Atlantic blue crab Callinectes sapidus from a coastal habitat of the Salento Peninsula (SE Italy). Mediterr. Mar.
Sci. 2018, 19, 193-200.

45. Marangi, M.; Lago, N.; Mancinelli, G.; Lillo Antonio, O.; Scirocco, T.; Sinigaglia, M.; Specchiulli, A.; Cilenti,
L. Occurrence of the protozoan parasites Toxoplasma gondii and Cyclospora cayetanensis in the invasive
Atlantic blue crab Callinectes sapidus from the Lesina Lagoon (SE Italy). Mar. Pollut. Bull. 2022, 176, 113428.

46. Lattos, A.; Papadopoulos, D.K,; Giantsis, .A.; Stamelos, A.; Karagiannis, D. Histopathology and phylogeny
of the dinoflagellate Hematodinium perezi and the epibiotic peritrich ciliate Epistylis sp. infecting the blue
crab Callinectes sapidus in the eastern Mediterranean. Microorganisms 2024, 12.

47.  Sumer, C.; Teksam, I.; Karatas, H.; Beyhan, T.; Aydin, C.M. Growth and Reproduction Biology of the Blue
Crab, Callinectes sapidus Rathbun, 1896, in the Beymelek Lagoon (Southwestern Coast of Turkey). Turk | Fish
Aquat Sci 2013, 13, 675-684.

48. Kevrekidis, K.; Kevrekidis, T.; Mogias, A.; Boubonari, T.; Kantaridou, F.; Kaisari, N.; Malea, P.; Dounas, C.;
Thessalou-Legaki, M. Fisheries biology and basic life-cycle characteristics of the invasive blue crab
Callinectes sapidus Rathbun in the estuarine area of the Evros River (Northeast Aegean Sea, Eastern
Mediterranean). J. Mar. Sci. Eng. 2023, 11, 462.

49. Katselis, G.N.; Koutsikopoulos, C. The Establishment of Blue Crab Callinectes sapidus Rathbun, 1896 in the
Lagoon Pogonitsa (Amvrakikos Gulf, Western Greece). In Trends in Fisheries and Aquatic Animal Health,
Berillis, P., Ed.; Bentham Science Publishers: Sharjah, United Arab Emirates, 2017; pp. 299-306.

50. Kevrekidis, K.; Antoniadou, C. Abundance and population structure of the blue crab (Decapoda,
Portunidae) in Thermaikos Gulf (Methoni Bay), northern Aegean Sea. Crustaceana 2018, 91, 641-657.

51. Marchessaux, G.; Mangano, M.C,; Bizzarri, S.; M'Rabet, C.; Principato, E.; Lago, N.; Veyssiere, D.; Garrido,
M.; Scyphers, S.B.; Sara, G. Invasive blue crabs and small-scale fisheries in the Mediterranean sea: Local
ecological knowledge, impacts and future management. Mar. Policy 2023, 148, 105461.

52. Glamuzina, L.; Pesi¢, A.; Markovié, O.; Tomani¢, J.; Pecarevi¢, M.; Dobroslavi¢, T.; Brailo éc’epanovic’, M.;
Conides, A.; Grdan, S. Population structure of the invasive Atlantic blue crab, Callinectes sapidus on the
Eastern Adriatic coast (Croatia, Montenegro). Nase More 2023, 70, 153-159.

53.  Florio, M.; Breber, P.; Scirocco, T.; Specchiulli, A.; Cilenti, L.; Lumare, L. Exotic species in Lesina and Varano
lakes: Gargano National Park (Italy). Transit Water Bull 2008, 2, 69-79.

54. Cilenti, L.; Lago, N.; Lillo, A.O; Li Veli, D.; Scirocco, T.; Mancinelli, G. Soft-shell production of the invasive
Atlantic blue crab Callinectes sapidus in the Lesina Lagoon (SE Italy): a first assessment. ]. Mar. Sci. Eng. 2024,
12, 310.

55. Mancinelli, G.; Rossi, L. Indirect, size-dependent effects of crustacean mesograzers on the Rhodophyta
Gracilaria verrucosa (Hudson) Papenfuss: evidence from a short-term study in the Lesina Lagoon (Italy).
Mar. Biol. 2001, 138, 1163-1173.


https://doi.org/10.20944/preprints202410.0018.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0018.v1

23

56. Roselli, L.; Fabbrocini, A.; Manzo, C.; D'Adamo, R. Hydrological heterogeneity, nutrient dynamics and
water quality of a non-tidal lentic ecosystem (Lesina Lagoon, Italy). Estuar. Coast. Shelf Sci. 2009, 84, 539-
552.

57.  Caroppo, C.; Roselli, L.; Di Leo, A. Hydrological conditions and phytoplankton community in the Lesina
lagoon (southern Adriatic Sea, Mediterranean). Environmental Science Pollution Research 2018, 25, 1784-1799.

58. Azzurro, E.; Cerri, J. Participatory mapping of invasive species: a demonstration in a coastal lagoon. Mar.
Policy 2021, 126, 104412.

59. Specchiulli, A.; Scirocco, T.; D’Adamo, R.; Cilenti, L.; Fabbrocini, A.; Cassin, D.; Penna, P.; Renzi, M.;
Bastianoni, S. Benthic vegetation, chlorophylla and physical-chemical variables in a protected zone of a
Mediterranean coastal lagoon (Lesina, Italy). . Coast. Conservation 2016, 20, 363-374.

60. FAO. Fishing Gear types. Fyke nets. Technology Fact Sheets. In: Fisheries and Aquaculture. Rome.
https://www.fao.org/fishery/en/geartype/226/en. 2024.

61. Scordella, G.; Lumare, F.; Conides, A.; Papaconstantinou, C. First occurrence of the tilapia Oreochromis
niloticus niloticus (Linnaeus, 1758) in Lesina lagoon (eastern Italian coast). Mediterr. Mar. Sci. 2003, 4, 41-48.

62. Van Engel, W.A. The blue crab and its fishery in Chesapeake Bay. Part 1. Reproduction, early development,
growth and migration. . Commercial fisheries review 1958, 20.

63. Olmi IIl, E.J.; Bishop, ].M. Variations in total width-weight relationships of blue crabs, Callinectes sapidus, in
relation to sex, maturity, molt stage, and carapace form. J. Crust. Biol. 1983, 3, 575-581.

64. R Development Core Team. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. http://www.R-project.org/. 2024.

65. Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. J. Roy. Stat. Soc. Ser. B. (Stat. Method.) 1995, 57, 289-300.

66. Carle, F.L.; Strub, M.R. A new method for estimating population size from removal data. Biometrics 1978,
621-630.

67. Zippin, C. An evaluation of the removal method of estimating animal populations. Biometrics 1956, 12, 163-
189.

68. Ogle, D.H.; Doll, ].C.; Powell Wheeler, A.; Dinno, A. FSA: Fisheries Stock Analysis. R package version 0.9.5.
https://CRAN.R-project.org/package=FSA. 2023.

69. Bhattacharya, C.G. A simple method of resolution of a distribution into Gaussian components. Biometrics
1967, 115-135.

70. Mildenberger, T.K.; Taylor, M.H.; Wolff, M. TropFishR: an R package for fisheries analysis with length-
frequency data. 2017, 8, 1520-1527.

71.  Mildenberger, T.K.; Taylor, M.H.; Wolff, M. TropFishR: Tropical Fisheries Analysis. R package version 1.6.4.
http://cran.r-project.org/web/packages/TropFishR. 2024.

72. Gayanilo, F.C].; Sparre, P.; Pauly, D. FAO-ICLARM Stock Assessment Tools II (FiSAT II). Revised version.
User's guide. FAO Computerized Information Series (Fisheries). No. 8, Revised version. 2005, 8.

73.  Chang, Y.-].; Sun, C.-L.; Chen, Y.; Yeh, S.-Z. Modelling the growth of crustacean species. Rev. Fish Biol. Fish.
2012, 22, 157-187.

74. Puckett, B.J.; Secor, D.H.; Ju, S.-J. Validation and application of lipofuscin-based age determination for
Chesapeake Bay blue crabs Callinectes sapidus. Trans Am Fish Soc 2008, 137, 1637-1649.

75.  Von Bertalanffy, L. A quantitative theory of organic growth (inquiries on growth laws. II). Hum Biol 1938,
10, 181-213.

76. Somers, LF. On a seasonally oscillating growth function. Fishbyte 1988, 6, 8-11.

77. Tireli, C; Miller, T.J.; Giindogdu, S.; Yesilyurt, LN. Growth and mortality of blue crab (Callinectes sapidus)
in the north-eastern Mediterranean Sea. | FisheriesSciences.com 2016, 10, 55-62.

78. Pauly, D.; David, N. ELEFAN I, a BASIC program for the objective extraction of growth parameters from
length-frequency data. Meeresforschung 1981, 28, 205-211.

79. Taylor, M.H.; Mildenberger, T.K. Extending electronic length frequency analysis in R. 2017, 24, 330-338.

80. Cigsar, B.; Deniz, U.; Tiireli, C. Artificial neural networks and genetic algorithm approach to determine
length-weight, length frequency relationships of Lessepsian crab, Charybdis (Goniohellenus) longicollis, Leene,
1938 in the Iskenderun Bay, Turkey. Acta Biologica Turcica 2021, 34, 197-204.

81. Guerra-Marrero, A.; Bonino-Pérez, A.; Espino-Ruano, A.; Couce-Montero, L.; Jiménez-Alvarado, D.; Castro,
J.J. Life history parameters and fishing aspects of the alien nimble spray crab Percnon gibbesi in a native area
of the Central-East Atlantic. Animals 2023, 13, 1427.

82. Pauly, D. Some Simple Methods for the Assessment of Tropical Fish Stocks; Food and Agriculture Orgoganization
of the United Nations: Rome, 1983.

83. Then, AY.; Hoenig, ].M.; Hall, N.G.; Hewitt, D.A. Evaluating the predictive performance of empirical
estimators of natural mortality rate using information on over 200 fish species. ICES ]. Mar. Sci. 2014, 72,
82-92.

84. Gulland, J.A. Fish Stock Assessment: a Manual of Basic Methods; Wlley: Chichester, UK, 1983; Volume 1.


https://doi.org/10.20944/preprints202410.0018.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0018.v1

24

85. Smart, J. AquaticLifeHistory: Life History Analysis Tools. R package version 1.0.5. http://cran.r-
project.org/web/packages/AquaticLifeHistory. 2023.

86. Newcombe, C.L.; Campbell, F.; Eckstine, A.M. A study of the form and growth of the blue crab Callinectes
sapidus Rathbun. Growth 1949, 13, 71-96.

87. Tagatz, M.E. Growth of juvenile blue crabs, Callinectes sapidus Rathbun, in the St. Johns River, Florida. Fish.
Bull. 1968, 67, 281-288.

88. Torrejon-Magallanes, ]. sizeMat: Estimate Size at Sexual Maturity. R package version 1.1.2. http://cran.r-
project.org/web/packages/sizeMat. 2020.

89. Corgos, A,; Freire, ]. Morphometric and gonad maturity in the spider crab Maja brachydactyla: a comparison
of methods for estimating size at maturity in species with determinate growth. ICES ]J. Mar. Sci. 2006, 63,
851-859.

90. Rogers, T.L.; Gouhier, T.C.; Kimbro, D.L. Distinct temperature stressors acting on multiple ontogenetic
stages influence the biogeography of Atlantic blue crabs. Mar. Ecol. Prog. Ser. 2022, 690, 97-111.

91. Taylor, D.L.; Fehon, M.M. Blue crab (Callinectes sapidus) population structure in Southern New England
tidal rivers: patterns of shallow-water, unvegetated habitat use and quality. Estuar. Coasts 2021, 44, 1320-
1343.

92. Bauer, L.J.; Miller, T.]J. Spatial and interannual variability in winter mortality of the blue crab (Callinectes
sapidus) in the Chesapeake Bay. Estuar. Coasts 2010, 33, 678-687.

93. Schneider, A.K.; Fabrizio, M.C.; Lipcius, R.N. Reproductive phenology of the Chesapeake Bay blue crab
population in a changing climate. Front. Ecol. Evol. 2024, 11, 1304021.

94. Hines, A.H. Ecology of Juvenile and Adult Blue Crabs. In The Blue Crab: Callinectes sapidus, Kennedy, V.S.,
Cronin, L.E., Eds.; Maryland Sea Grant College: College Park, Maryland, 2007; pp. 565-654.

95. Weiss, HM.; Downs, ].T. Living near the edge: variability in abundance and life cycle of the blue crab
Callinectes sapidus (Rathbun, 1896) in eastern Long Island Sound. |. Shellfish Res. 2020, 39, 461-470.

96. Dickinson, G.H.; Rittschof, D.; Latanich, C. Spawning biology of the blue crab, Callinectes sapidus, in North
Carolina. Bull. Mar. Sci. 2006, 79, 273-285.

97. Darnell, M.Z,; Rittschof, D.; Darnell, K.M.; McDowell, R.E. Lifetime reproductive potential of female blue
crabs Callinectes sapidus in North Carolina, USA. Mar. Ecol. Prog. Ser. 2009, 394, 153-163.

98. Ogburn, M.B.; Richie, K.D.; Jones, M.A.; Hines, A.H. Sperm acquisition and storage dynamics facilitate
sperm limitation in the selectively harvested blue crab Callinectes sapidus. Mar. Ecol. Prog. Ser. 2019, 629, 87-
101.

99. Ferrarin, C.; Zaggia, L.; Paschini, E.; Scirocco, T.; Lorenzetti, G.; Bajo, M.; Penna, P.; Francavilla, M.;
D’Adamo, R.; Guerzoni, S. Hydrological regime and renewal capacity of the micro-tidal Lesina Lagoon,
Italy. Estuar. Coasts 2014, 37, 79-93.

100. Bauer, L.J.; Miller, T.J. Temperature-, salinity-, and size-dependent winter mortality of juvenile blue crabs
(Callinectes sapidus). Estuar. Coasts 2010, 33, 668-677.

101. Brylawski, B.J.; Miller, T.J. Temperature-dependent growth of the blue crab (Callinectes sapidus): a molt
process approach. Can. |. Fish. Aquat. Sci. 2006, 63, 1298-1308.

102. Smith, S.G.; Chang, E.C. Molting and Growth. In The Blue Crab: Callinectes sapidus, Kennedy, V.S., Cronin,
L.E., Eds.; Maryland Sea Grant College: College Park, Maryland, 2007; pp. 197-255.

103. Rome, M.S.; Young-Williams, A.C.; Davis, G.R.; Hines, A.H. Linking temperature and salinity tolerance to
winter mortality of Chesapeake Bay blue crabs (Callinectes sapidus). |. Exp. Mar. Biol. Ecol. 2005, 319, 129-145.

104. Glandon, H.L.; Kilbourne, K.H.; Miller, T.]. Winter is (not) coming: warming temperatures will affect the
overwinter behavior and survival of blue crab. PLoS ONE 2019, 14, e0219555.

105. Molina, A.L; Cerrato, RM.; Nye, J.A. Population level differences in overwintering survivorship of blue
crabs (Callinectes sapidus): a caution on extrapolating climate sensitivities along latitudinal gradients. PLoS
ONE 2021, 16, e0257569.

106. Glamuzina, L.; Conides, A.; Mancinelli, G.; Glamuzina, B. A comparison of traditional and locally novel
fishing gear for the exploitation of the invasive Atlantic blue crab in the eastern Adriatic Sea. J. Mar. Sci.
Eng. 2021, 9, 1019.

107. Audet, D.; Miron, G.; Moriyasu, M. Biological characteristics of a newly established green crab (Carcinus
maenas) population in the southern Gulf of St. Lawrence, Canada. |. Shellfish Res. 2008, 27, 427-441, 415.

108. Miller, R.J. Effectiveness of crab and lobster traps. Can. J. Fish. Aquat. Sci. 1990, 47, 1228-1251.

109. Fischler, K.J. The use of catch - effort, catch - sampling, and tagging data to estimate a population of blue
crabs. Trans Am Fish Soc 1965, 94, 287-310.

110. Rugolo, L.J.; Knotts, K.S.; Lange, A.M.; Crecco, V.A. Stock assessment of Chesapeake Bay blue crab
(Callinectes sapidus Rathbun). J. Shellfish Res. 1998, 17, 493-518.

111. Rugolo, L.J.; Knotts, K.; Lange, A.; Crecco, V.; Terceiro, M.; Bonzek, C.; Stagg, C.; O'Reilly, R.; Vaughn, D.
Stock assessment of Chesapeake Bay blue crab (Callinectes sapidus); Chesapeake Bay Stock Assessment
Committee, NOAA: Annapolis, MA, 1997.


https://doi.org/10.20944/preprints202410.0018.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0018.v1

25

112. Lycett, K.A,; Shields, ].D.; Chung, ].S.; Pitula, J.S. Population structure of the blue crab Callinectes sapidus in
the Maryland Coastal Bays. J. Shellfish Res. 2020, 39, 699-713.

113. Fitz, H.C,; Wiegert, R.G. Local population dynamics of estuarine blue crabs: abundance, recruitment and
loss. Mar. Ecol. Prog. Ser. 1992, 23-40.

114. Carrozzo, L.; Potenza, L.; Carlino, P.; Costantini, M.L.; Rossi, L.; Mancinelli, G. Seasonal abundance and
trophic position of the Atlantic blue crab Callinectes sapidus Rathbun 1896 in a Mediterranean coastal habitat.
Rend. Lincei Sci. Fis. Nat. 2014, 25, 201-208.

115. Mancinelli, G.; Carrozzo, L.; Marini, G.; Costantini, M.L.; Rossi, L.; Pinna, M. Occurrence of the Atlantic
blue crab Callinectes sapidus (Decapoda, Brachyura, Portunidae) in two Mediterranean coastal habitats:
temporary visitor or permanent resident? Estuar. Coast. Shelf Sci. 2013, 135, 46-56.

116. Abdel Razek, F.A.; Ismaiel, M.; Ameran, M.A.A. Occurrence of the blue crab Callinectes sapidus, Rathbun,
1896, and its fisheries biology in Bardawil Lagoon, Sinai Peninsula, Egypt. EQypt. |. Aquat. Res. 2016, 42, 223-
229.

117. Tareli, C.; Yesilyurt, IN,; Nevsat, L.E. Female reproductive pattern of Callinectes sapidus Rathbun, 1896
(Brachyura: Portunidae) in Iskenderun Bay, Eastern Mediterranean. Zoology in the Middle East 2018, 64, 55-
63.

118. Hines, A.H.; Lipcius, R.N.; Haddon, A.M. Population dynamics and habitat partitioning by size, sex, and
molt stage of blue crabs Callinectes sapidus in a subestuary of central Chesapeake Bay. Mar. Ecol. Prog. Ser.
1987, 36, 55-64.

119. Herrera, D.R.; da Costa, R.C. Reproductive traits, relative growth and maturity of blue crabs Callinectes
danae and Callinectes ornatus in South Atlantic waters. Aquat. Ecol. 2024, 58, 963-982.

120. Mesquita, C.; Dobby, H.; Sweeting, S.; Jones, C.S.; Pierce, G.J. Size-at-maturity of Brown Crab (Cancer
pagurus) in Scottish waters based on gonadal and morphometric traits. Fish. Res. 2020, 229, 105610.

121. Evangelista, C.; Britton, R.J.; Cucherousset, ]. Impacts of invasive fish removal through angling on
population characteristics and juvenile growth rate. Ecol. Evol. 2015, 5, 2193-2202.

122. Rytwinski, T.; Taylor, ]J.J.; Donaldson, L.A.; Britton, J.R.; Browne, D.R.; Gresswell, R.E.; Lintermans, M.;
Prior, K.A ; Pellatt, M.G.; Vis, C.; et al. The effectiveness of non-native fish removal techniques in freshwater
ecosystems: a systematic review. Environ. Rev. 2019, 27, 71-94.

123. Marchessaux, G.; Gjoni, V.; Sara, G. Environmental drivers of size-based population structure, sexual
maturity and fecundity: a study of the invasive blue crab Callinectes sapidus (Rathbun, 1896) in the
Mediterranean Sea. PLoS ONE 2023, 18, e0289611.

124. Pereira, M.].; Branco, J.O.; Christoffersen, M.L.; Freitas, F.; Fracasso, H.A.A.; Pinheiro, T.C. Population
biology of Callinectes danae and Callinectes sapidus (Crustacea: Brachyura: Portunidae) in the south-western
Atlantic. . Mar. Biol. Assoc. U.K. 2009, 89, 1341-1351.

125. Severino-Rodrigues, E.; Musiello-Fernandes, J.; Mour, A.AS.; Branco, G.M.P.; Canéo, V.O.C. Fecundity,
reproductive seasonality and maturation size of Callinectes sapidus females (Decapoda: Portunidae) in the
Southeast coast of Brazil. Rev. Biol. Trop. 2013, 61, 595-602.

126. Hartnoll, R.G. Growth. In The Biology of Crustacea, Abele, L.G., Ed.; Academic Press: New York, 1982;
Volume Vol. 2. Embryology, morphology, and genetics, pp. 111-196.

127. Fisher, M.R. Effect of temperature and salinity on size at maturity of female blue crabs. Trans Am Fish Soc
1999, 128, 499-506.

128. Lipcius, R.N.; Stockhausen, W.T. Concurrent decline of the spawning stock, recruitment, larval abundance,
and size of the blue crab Callinectes sapidus in Chesapeake Bay. Mar. Ecol. Prog. Ser. 2002, 226, 45-61.

129. Longo, E.; Mancinelli, G. Size at the onset of maturity (SOM) revealed in length-weight relationships of
brackish amphipods and isopods: an information theory approach. Estuar. Coast. Shelf Sci. 2014, 136, 119-
128.

130. dos Santos Cardim, R.W.; dos Reis Souza, E.; Junior, M.S.; Carvalho, F.L.; Rocha, S.S.J.B.d.I.d.P. Sexual
maturity of Callinectes danae and C. ornatus from Paraguacu river estuary, Bahia state, Brazil. 2022, 48, 1-14.

131. Marochi, M.Z.; Moreto, T.F.; Lacerda, M.B.; Trevisan, A.; Masunari, S. Sexual maturity and reproductive
period of the swimming blue crab Callinectes danae Smith, 1869 (Brachyura: Portunidae) from Guaratuba
Bay, Parand State, southern Brazil. Nauplius 2013, 21, 43-52.

132. Aratjo, M.S.L.C.; Negromonte, A.O.; Barreto, A.V.; Castiglioni, D.S. Sexual maturity of the swimming crab
Callinectes danae (Crustacea: Portunidae) at the Santa Cruz Channel, a tropical coastal environment. J. Mar.
Biol. Assoc. U.K. 2012, 92, 287-293.

133. Haefner Jr, P.A. Morphometry and size at maturity of Callinectes ornatus (Brachyura, Portunidae) in
Bermuda. Bull. Mar. Sci. 1990, 46, 274-286.

134. Gray, E.H.; Newcombe, C.L. Studies of moulting in Callinectes sapidus Rathbun. Growth 1938, 2, 285-289.

135. Shinozaki-Mendes, R.A.; Lessa, R. Ontogenetic trajectories in Callinectes danae (Crustacea: Brachyura): sex
and age polymorphism. J. Mar. Biol. Assoc. U.K. 2017, 99, 111-118.


https://doi.org/10.20944/preprints202410.0018.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0018.v1

26

136. Lane-Medeiros, L.; Moraes, S.A.S.N.; Alencar, C.ER.D.; Rocha, M.AL.; Freire, F.AM. Body shape
variations help to diminish taxonomy uncertainty in juvenile swimming crab Callinectes Stimpson, 1860.
Zoologischer Anzeiger 2021, 295, 89-98.

137. Ogburn, M.B,; Stuck, K.C.; Heard, RW.; Wang, S.Y.; Forward Jr, R.B. Seasonal variability in morphology of
blue crab, Callinectes sapidus, megalopae and early juvenile stage crabs, and distinguishing characteristics
among co-occurring Portunidae. J. Crust. Biol. 2011, 31, 106-113.

138. Silva, I.C.; Alves, M.].; Paula, J.; Hawkins, S.J. Population differentiation of the shore crab Carcinus maenas
(Brachyura: Portunidae) on the southwest English coast based on genetic and morphometric analyses. Sci.
Mar. 2010, 74, 435-444.

139. Garcia-Berthou, E.; Carmona-Catot, G.; Merciai, R.; Ogle, D.H. A technical note on seasonal growth models.
Rev. Fish Biol. Fish. 2012, 22, 635-640.

140. Ju,S.J.; Secor, D.H.; Harvey, H.R. Growth rate variability and lipofuscin accumulation rates in the blue crab
Callinectes sapidus. Mar. Ecol. Prog. Ser. 2001, 224, 197-205.

141. Tdreli, C.; Yesilyurt, I. Growth of blue crab, Callinectes sapidus, in the Yumurtalik Cove, Turkey: a molt
process approach. Open Life Sciences 2014, 9, 49-57.

142. Mehanna, S.F.; Desouky, M.G.; Farouk, A.E. Population dynamics and fisheries characteristics of the blue
crab Callinectes sapidus (Rathbun, 1896) as an invasive species in Bardawil Lagoon, Egypt. Egypt. ]. Aquat.
Biol. Fish. 2019, 23, 599-611.

143. Pauly, D. On the interrelationships between natural mortality, growth parameters, and mean
environmental temperature in 175 fish stocks. ICES J. Mar. Sci. 1980, 39, 175-192.

144. Fogarty, M.J.; Lipcius, R.N. Population Dynamics and Fisheries. In The Blue Crab: Callinectes sapidus,
Kennedy, V.S., Cronin, L.E., Eds.; Maryland Sea Grant College: College Park, Maryland, 2007; pp. 711-755.

145. Kahn, D.M.; Helser, T.E. Abundance, dynamics and mortality rates of the Delaware Bay stock of blue crabs,
Callinectes sapidus. ]. Shellfish Res. 2005, 24, 269-284.

146. Zohar, Y.; Hines, A.H.; Zmora, O.; Johnson, E.G.; Lipcius, R.N.; Seitz, R.D.; Eggleston, D.B.; Place, AR;
Schott, E.J.; Stubblefield, ].D.; et al. The Chesapeake Bay blue crab (Callinectes sapidus): a multidisciplinary
approach to responsible stock replenishment. Rev. Fish. Sci. 2008, 16, 24-34.

147. Bogdanoff, A.K,; Shertzer, KW.; Layman, C.A.; Chapman, J.K.; Fruitema, M.L.; Solomon, J.; Sabeattis, J.;
Green, S.; Morris, ].A. Optimum lionfish yield: a non-traditional management concept for invasive lionfish
(Pterois spp.) fisheries. Biol. Invasions 2021, 23, 795-810.

148. Mancinelli, G.; Dailianis, T.; Dounas, C.; Kasapidis, P.; Koulouri, P.; Skouradakis, G.; Bardelli, R.; Di Muri,
C.; Guerra, M.T,; Vizzini, S.].S. Isotopic niche and trophic position of the invasive portunid Portunus segnis
Forskal (1775) in Elounda Bay (Crete Island, Eastern Mediterranean). Sustainability 2022, 14, 15202.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202410.0018.v1

