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Abstract: The reproductive biology of the invasive blue crab Callinectes sapidus was studied in the Thermaikos
Gulf (Northwest Aegean Sea, Eastern Mediterranean). In the two-year survey 5,698 (2,8975/ 2,801%) crabs were
caught with the use of fyke nets. Total sex ratio (5/?) reached equality (1.03:1). The female blue crab exhibited
a protracted reproductive period. Mature and ovigerous females exhibit short migratory movements from
estuarine and inshore waters, where the population mostly congregates (0-3 m), and move to slightly deeper
waters (1-3m) up to 9 m for spawning. A total of 340 ovigerous females were caught. Their number varied both
spatially and temporally; they were observed for a 7-month period (April to October) with a clear peak in July
- August and at a 3 m depth gradient corresponding to =60% of the total number of ovigerous females caught
in both years. Size at first sexual maturity (CWso0) was estimated at 113.1 mm CW. Average fecundity was
=790,000 eggs. Experimental trawling showed that inshore waters (<1 m) in the estuaries serve as nursery areas
for juveniles. Defining the spatiotemporal and bathymetrical distribution of ovigerous females in any invaded
coastal habitat could be considered key information for the implementation of a management policy for the
species.

Keywords: invasive blue crab; Callinectes sapidus; Thermaikos Gulf; Aegean Sea; reproductive
biology; ovigerous females; depth gradient; size at first maturity; fecundity; population
management policy

1. Introduction

The sexually dimorphic, euryhaline Atlantic blue crab, Callinectes sapidus Rathbun (Decapoda,
Portunidae) exhibits a complex life history with distinctive life stage-dependent seasonal, ecological
and geographical/spatial distribution [1]. The portunid crab has socio-economical and ecological
importance and occupies a wide native range along tropical, subtropical, and temperate ecosystems
in the Western Atlantic Ocean and the Gulf of Mexico from Nova Scotia and the Gulf of Maine to
Northern Argentina including Bermuda, the West Indies, and the Caribbean Sea [2-5].

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


https://doi.org/10.20944/preprints202409.1858.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024 d0i:10.20944/preprints202409.1858.v1

In the last century (1900) Callinectes sapidus was introduced accidentally or intentionally into the
Atlantic coast of France [6]. In the mid 1930’s the blue crab C. sapidus appeared in the North Aegean
Sea and subsequently in other Mediterranean sites most probably over multiple times through ballast
waters [7-11]. In the 1950s” it was well established in the eastern Basin along the coasts of the North
Aegean Sea and of the Levantine Sea including northern Africa (Egypt) [12-14]. In the late 1950’s a
significant increase in population abundance led to a significant commercial exploitation of the blue
crab in the Thermaikos Gulf. However, due to an unknown reason or a combination of reasons the
blue crab stock collapsed in the mid 1960’s followed by a serious decline. Afterwards the blue crab
was only sporadically recorded in the North Aegean Sea and in the Thermaikos Gulf [15,16] and
[references there]). In the late 1960’s a drastic decrease of C. sapidus production was recorded also
along the Mediterranean coast of Egypt as a result of the construction of the High Dam and the
complete prevention of the Nile floodwaters, which mainly affected the Northern Delta Lakes [17,18].
At the same period its occurrence was documented in the Black Sea [19]. In the 1980’s onwards the
blue crab populations thrived along the Anatolian coast (Levantine Sea)(e.g., [20]) and intense fishing
activities were deployed resulted gradually to a drastic decrease in landings (1.3 mt in 2023)[21];
Turkish Statistical Institute https://data.tuik.gov.tr/Bulten/Index?p=Fishery-Products-2023-53702/
assessed 21 August 2024).

However, in the early 2000s high abundance of the species was observed mainly along the coast
of the north and south eastern Mediterranean (Aegean and Ionian Seas, Mediterranean coast of
Egypt) (e.g., [15,16,18,22-24]) and in a relatively short time the invasive portunid has succeeded to
spread almost throughout the Basin (e.g., [5,25]). Moreover, the blue crab nowadays is expanding
along the coast of Morocco in the east Atlantic Ocean but also in the Black Sea (e.g., [5,26,27]). This
remarkable expansion is probably caused by the rising average temperatures of the sea surface (SST)
in the Mediterranean due to climate-driven change; temperature trends in the Mediterranean Sea
during years 2003-2019 showed an SST increase of 0.040 + 0.001 °C/yr. [28] that possibly influences
invasive species by affecting their entry pathways and the establishment of new habitats followed
initially by population out breaks in most cases. The blue crab C. sapidus is considered among the
most prominent invasive species of all taxa within the Mediterranean Basin and the awareness of it
is increased due to its tasty flavor.

Callinectes sapidus is a valuable resource and supports economically important fisheries along
the Atlantic and Gulf coasts of USA, where however its populations have fluctuated dramatically
during the past 30 years, contributing to significant fishery instability reaching 52,00 mt in 2022
[29,30]. In the Mediterranean the invasive portunid crab forms nowadays the subject of economically
important fisheries at a local scale throughout the Basin (e.g., [15,16,22,31-36]). However, the blue
crab is designated by the EE as an invasive species with a high risk of biodiversity loss and measures
should be undertaken towards control of its population outbreaks either through eradication or
minimization of its populations size (Regulation 1143/2014). Biological invasions pose a leading
threat to biodiversity world-wide [37] and Clavero et al. [38] claimed that the blue crab has the
potential to induce radical changes in the structure and the composition of coastal marine
communities. Furthermore, the blue crab has significant negative socioeconomic impacts as it
destroys fishing nets and predates on fishery ,https://www.rfi.fr/en/france/20220123-getting-snappy-
concerns-over-blue-crab-invasion-in-the-mediterranean) and shellfish aquaculture production
(https://www.reuters.com/sustainability/italys-clam-industry-under-threat-blue-crab-invasion-
2023-08-03/ wreaking havoc on the fishing and shellfish industry and threatening local economies.
Therefore, it seems that the management of the blue crab is crucial for biodiversity conservation and
coastal industry in the Mediterranean Basin. However, managing invasive species is particularly
challenging mainly because marine ecosystems are highly connected across broad spatial scales.
Moreover, since for well-established species eradication is unlikely the aim of the management is
generally to reduce their populations to levels that exert lower impacts considered as acceptable [39-

41] Thus,the General Fisheries Commission for the Mediterranean (GFCM) forward the sustainable
exploitation of the blue crab aimed at ensuring socioeconomic sustainability (Recommendation
GFCM/42/2018/7). Similarly, FAOs proposal is to attain sustainable fisheries of the blue crabs that
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could act as a tool keeping them at nonexpanding level and minimizing its effect on Mediterranean
ecosystems in the perspective to assure that this resource remain profitable for the north African
countries. However, the management policy of the blue crab fishery either towards maintenance of
sustainable fisheries or eradication/population size control, should require temporal and/or spatial
management measures either for protection or a targeted fishing on the spawning stock of the blue
crabs’ populations. Nevertheless, the implementation of any of the above management policies
requires the knowledge of the life cycle, ecology and reproductive biology of the blue crab and
especially of its critical life stage of spawning.

Reproduction in the blue crab is a complex process requiring precise coordination of
physiological, behavioral, and ecological processes to ensure reproductive success [42,43]. In an
estuarine environment typically involves specific seasonal and spatial migrations for copulation
followed by the down-estuary migration of inseminated and ovigerous females towards higher-
salinity coastal waters for egg laying and hatching e.g., [44—47]. The species is thought to be extremely
fertile e.g., [48,49], a critical biological feature for its relative success as an invasive species in the
Mediterranean Sea. However, diversified environmental conditions, such as temperature and
salinity, prevailed in various geographical regions where the species has been established can modify
aspects of blue crab mating (and other aspects of reproduction) because they influence the timing of
molting, as well as the structure of local populations, including the spatial and temporal distribution
of crabs e.g., [16,43,50,51].

Information on the reproduction of the blue crab in the Mediterranean Sea is very limited.
Relevant studies on reproductive aspects and estimation of the fecundity of the species have been
conducted in the Levantine Sea (Beymelek Lagoon, Iskenderun [= Alexandretta Gulf]), in the central
Mediterranean (Sicily) and in the northwestern (Methoni Bay, Thermaikos Gulf) and northeastern
Aegean Sea (Monolimni Lagoon, Evros Delta) [15,16,52-54]. The present work aims to study the
reproductive biology of Callinectes sapidus in the Thermaikos Gulf, an estuarine — open sea system, in
the northwestern Aegean Sea, Eastern Mediterranean. Furthermore, aims to contribute to the debate
which is in progress in the EU and FAO but also within the Mediterranean countries for the
development of a fisheries management strategy for the blue crab populations within the Basin.
Biological data on the reproductive potential of a population are critical and stock assessments and
management decisions often incorporate aspects of reproduction [48]. In this perspective the survey
identifies a key knowledge on the reproductive behavior of the ovigerous female blue crab during
spawning phase that it could be useful for the implementation of management measures and actions
towards sustainable fisheries or size control (i.e., minimization) of the Atlantic blue crab populations
within invaded areas of the Mediterranean Basin, respectively.

2. Materials & Methods

2.1. Study Area

The Thermaikos Gulf is a semi-enclosed, microtidal coastal basin of the mid-latitude east-central
Mediterranean Sea. It is located in the NW Aegean Sea, and it covers about 3,300 km? (Figure 1). It is
characterized by a gentle slope and is divided into an inner and outer part; the inner gulf has a
shallow bathymetry with its deeper zones around 50 m whereas the outer gradually reaches depths
of 200 m towards its continental shelf break with the Aegean Sea and the deep basin of Sporades. The
distribution of physical properties and the general circulation of Thermaikos are controlled by four
major environmental factors: 1) The air sea interactions and especially the wind forcing, 2) the
exchanges with the northern Aegean sea through the southern boundary, 3) the river plume
dynamics and 4) the morphological setting of the enclosed basin [55]. The Thermaikos Gulf is a typical
deltaic platform characterized by estuaries, numeral inlets, enclosures and small like lagoon
complexities formed mainly by major Rivers Aliakmon, Loudias and Axios, discharging along the
northwestern coast in the inner gulf (see Figure 1), and Pinios River further south discharging in the
outer gulf. These major rivers are the main sources of freshwater and nutrient input and associated
fine grained terrigenous material entering the gulf; the seabed is dominated by various soft substrate
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types, which are locally covered mainly by seagrass meadows of the Posidonia oceanica and Cymodocea
nodosa and the seaweed Gracilaria sp. In the unvegetated sedimentary bottom muddy and muddy
sands constitute the predominate type surface sediments especially over the inner and the western
half of the shelf (central and outer parts) [56-58]. Industrial discharges, urban untreated sewage
agricultural runoff, shipping, etc, resulted in a heavy eutrophication of the nearshore marine
environment with persistent phytoplankton blooms. Especially the western coastal zone is under
pressure due to intense agricultural activities and is characterized by a large development of long
line mussel farming located near the deltas of the inner gulf [55].
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Figure 1. Map of the of study area in the Thermaikos Gulf, NW Aegean Sea, NE Mediterranean Sea
(A: inner part; B: outer part) indicating monthly (yellow), seasonal (green) and experimental (blue)
sampling stations of Callinectes sapidus in the inner gulf.

2.2. Sampling Procedure

2.2.1. Monthly and Seasonally Samplings

During the two year survey from December 2020 to November 2022 fyke nets (10 pairs; mesh
size 18-20 mm) were deployed monthly in twelve sampling stations at depths 1 m, 3 m, 6 m and 9 m
along the northwestern coast of the inner Thermaikos Gulf. Additionally, fyke nets (10 pairs; mesh
size 18-20 mm) were deployed seasonally (February, May, July and October) in nine sampling
stations at depths 1 m, 3 m, 6 m, 9 m, 15 m and 25 m including a hang mussel culture unit with no
mussels cultured in the course of the study at 3.5 m depth, a long line mussel culture unit with
mussels cultured during the course of the study at 7-10 m depth and in Loudias River at 800 m
distance from the sea at 2.5 m depth (Figure 1)(Table 1).

Table 1. Monthly (A), seasonal (B) and experimental (C) sampling stations (code, depth and
coordinates) of Callinectes sapidus in the inner Thermaikos Gulf (NW Aegean Sea).

A. Monthly sampling stations.

Sampling stations (and code) Depth (m) Latitude Longitude
Methoni Bay (METH 1) <1 40°27'37.50"N 2235°23.88"E
Methoni Bay (METH 2) 3 40°27'31.98”N 22°35'57.00”E

40°27'38.70”
Methoni Bay (METH 3) 6 0°27'38.70°N 22°37'30.48"E
Methoni Bay (METH 4) 9 40°27'31.62"N 22°38'4.74"E
Bara (BAR 1) <1 40°29'10.98”"N 22°39'37.56"E
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Bara (BAR 2) 2.5 40°29'4.92”"N 22°40'1.98”E
40°28'18.90” E
Off Aliakmonas Delta (AL 2) 3 0728718.90°N
40°28'14.46” 22°40'12.60”E
Off Aliakmonas Delta (AL 3) 9 0°28 "N 0'12.60
22°39'32.40”E
Loudias Bay (LOUD 1) <1 40°30'4.08”"N 393240
22°39'53.16”E
Loudias Bay (LOUD 2) 3 40°30'8.58”"N
22°40'19.32"E
Loudias Bay (LOUD 3) 6 40°30"10.98”"N 0193
Loudias bay (LOUD 4) 9 40°30'12.66”"N 22°40'43.62"E
B. Seasonal sampling stations.
Sampling stations (and code) Depth (m) Latitude Longitude
22°39'50.64"E
Off Aliakmonas Delta (AL 4) 15 40°27’38.82”"N
Off Aliakmonas Delta (AL 5) 25 40°27'24.60"N 22°40'12.90”E
Off Axios Delta (AX 1) <1 40°30'9.30”"N Z2ZANLIVE
22°44'6.42"E
Off Axios Delta (AX 2) 3 40°30'1.86”"N 6
Off Axios Delta (AX 3) 6 40°29'58.74"N 22449.547E
Off Axios Delta (AX 4) 9 40°29'54.42”"N 22°44'13.56”E
Long line mussel
22°40'44.64"E
(Mytilus galloprovinciallis) culture unit 7-10 40°30'50.04”"N
(LL_MYT)
Hang mussel
22°41'5.10”E
(Mytilus galloprovinciallis culture unit 3.5 40°30'52.08"N >10
(H_MYT)
253 40°32'6.72"N 22°40'47.58"E
Loudias River (LOUD_R) (800 m from the 40°307 56N 22°40/46.14”E
sea)
C. Experimental sampling stations.
Sampling stations (and code) Depth (m) Latitude Longitude
Bara (BAR 1) <1 40°29'10.98”N 22°39'37.56°E
Bara (BAR 3) <1 40029 9.19” N 22039'16.31”E

Sampling took place following local fishery practice with the use of an artisanal fishing boat
(length 12 m, 400 hp). Fyke nets were deployed in the morning and collected after about 48 hours.
None of the fyke nets contained bait. Bottom temperature (°C), salinity (psu) and dissolved oxygen
(DO) (mg/1) were recorded with a HACH autometer in all sampling stations (monthly and seasonally)
throughout the period of survey. All the collected Callinectes sapidus specimens were transferred to
the laboratory and sexed according to the shape of their abdomen and counted. Females were also
separated into immature and mature depending on the shape of their abdomen. For each crab, the
carapace width (CW), including the lateral spines, was measured with a digital Vernier caliper to the
nearest 0.01 mm. Crabs of CW <60 mm were considered as juveniles [59-61].
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2.2.2. Experimental Sampling

Experimental samplings with the use of a parallelepiped dredge like gear (length 2.45 m, width
0.75 m) with a net (mesh size 14 mm) that was trawled for =5 minutes from the fishing boat were
conducted in February 2021 and in March 2022 in Bara, an enclosure lagoon like formation sub-
estuary of Aliakmon River. Samplings were carried "out in sampling stations Bar 1 (February 2021)
and in Bar 3 (March 2022); Bar3 was a sampling station at a 500 m distance westerly to the sampling
station Bar 1. In both stations trawling was conducted at a depth <1 m (Figure 1).

2.2.3. Macroscopical Examination of Ovaries

Every month from December 2020 to November 2022 visual inspection of ovaries was performed
in a subsample of sexually mature females, including ovigerous females, according to the five ovarian
stages development (I-V) proposed by Hard [62]: Stage I (ovary following the last molt); Stage II
(maturation of the ovary); Stage III (mature ovary preceding the first ovulation); Stage IV (Ovary
between the first and second ovulation); Stage V (ovary after the second ovulation). For the period
May to October 2021 and from February, May to August and November 2022, ovaries of 53 and 21
females respectively, at maturation stages III and IV (ovigerous with fully mature ovaries), were
dissected and weighted. In ovigerous females, the stage of egg development was based on the
coloration of the egg mass and was classified into 5 stages: stage 1: bright orange, stage 2: pale yellow,
stage 3: pale brown, stage 4: dark brown, stage 5 (advanced egg developmental stage): dark black
(see [16]).

2.2.4. Ovarian Histological Analysis

Histological analysis of the different ovarian stages of female C. sapidus was conducted.
Specimens were transferred to the laboratory and after dissection the ovaries were removed and fixed
in fixative solution for 24 hours at 4 °C. The fixed tissues (ovaries) were first rinsed in running water
for 24 hours and then embedded in paraffin. For embedding, the tissue pieces were immersed
successively, for one hour, in alcohol solutions of increasing concentration (50%, 70%, 95%, 100% x2).
They were then immersed for two hours in xylene solution and placed in an oven at 65°C (2 h) in a
special container containing liquid paraffin to be impregnated with it throughout their thickness.
Finally, they were placed in special metal moulds in liquid paraffin which solidified after a few
minutes at room temperature. Using a paraffin microtome (MICROM HM315), the ovaries were cut
along their longitudinal axis and all successive sections, 5 um thick, were collected. Sections were
then selected and stained with Harris hematoxylin solution (Scharlab S.L., Sentmenat, Barcelona,
Spain) and eosin Y (yellowish) (VWR International, Leuven, Belgium). The ovarian tissues were then
examined and observed under a light microscope connected to a digital camera (ProgRes Plus 2.1,
JENOPTIC Optical Systems GmbH, Jena, Germany). Histological sections were photographed at an
appropriate magnification scale using Progress Capture 2.1 software.

2.2.5. Fecundity

For the examination of fecundity ovigerous females sampled in June, July and August 2021 were
used. The collected individuals were transferred to the laboratory for further analyses. The total wet
weight of both the right and the left egg mass was measured by removing the pleopods to the nearest
0.001 g. Four replicate subsamples were weighted to the nearest 0.001 g and the number of eggs from
each replicate was measured with the use of a Bogorov counting chamber. These data were then used
to estimate the total number of eggs of each individual. Photographs of approximately 1,500 eggs
were taken with the use of a stereomicroscope and then they were measured using the Image]
software (+ 0.1 um accuracy). Due to the ovoid shape of the egg the lengths of the longest and shortest
axes were measured to the nearest 1um, and their mean was calculated as egg diameter [63](Sainte-
Marie, 1993). The egg mas index (EMI) was calculated as Egg mass index (%) = 100* total egg wet
weight / body wet weight, while egg volume was estimated as the volume of a prolate spheroid,
using the long and short axes measurements [64](Kemberling & Darnell 2020).
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2.2.6. Data Analysis

Pooled monthly data of the two year of survey (December 2020-November 2022) of bottom
temperature (°C), salinity (psu) and oxygen (mg/l) at three sampling stations at a 1 m depth gradient
(Meth1, Barl, Loud 1), were used and mean, minimum and maximum values were estimated. The
above stations were selected as they were representative of the three main sub-areas (Methoni Bay,
Bara, Loudias Bay) where the blue crab is distributed during most of its life cycle both bathymetrically
and spatially in the inner gulf.

Total and monthly sex ratio for the period of survey and sex ratio at 3 m depth gradient (5/?),
including the hang mussel culture sampling station (3.5 m) were assessed and deviations from 1 were
estimated applying a chi-square (?) test.

Females size-frequency distributions were calculated per 5 mm size (CW) class intervals for all
intact specimens (mature, immature, juveniles) caught during the two years of survey. Significant
differences on size distributions, mean ranks and medians between a) intact females caught in the
first and in the second year, b) intact mature (including ovigerous) and immature females of both
years, were tested with two-sample Kolmogorov-Smirnov (z) test, Mann Whitney (U) test, and
independent samples median test (T), respectively. Spearman rank correlation (p) and Pearson
correlation (r) were used to test the relationship between females size (CW) and: a) ovarian weight
with ovaries at maturation stages III and IV, b) ovarian weight with ovaries at maturation stage IV,
respectively. All females examined were caught during the period May — September of both years.

Pearson correlation (r) was used to test the relationship between a) ovigerous females caught
from April to October and the mean temperature from pooled data recorded in all sampling stations
in Methoni Bay, Bara, Loudias Bay, off Axios estuary (seasonal) and off Aliakmonas estuary, b)
ovigerous females with depth and c) ovigerous females with eggs at developmental stage 5 with
depth. Independent sample Kruskal Wallis test (H) was conducted to examine if there was any
significant difference between the number of ovigerous females and a) spatial distribution, b) depth
gradient. One-way Anova (F) was used to test if significant difference exists between the number of
ovigerous females caught only in July and August and depth gradient, followed by LCD pairwise
test. For the above cases the number of ovigerous from the sampling station of mussel hang culture
(3.5 m depth) were pooled into those of Loudias Bay and at 3 m gradient. Independent sample
Kruskal Wallis test (H) followed by pairwise comparisons and one-way Anova (F) were conducted
to examine any significant difference in size (CW) of a) ovigerous females and b) ovigerous females
with eggs at developmental stage 5, with depth gradient, respectively. All the above statistical
analyses were performed using the SPSS software package. The mean size at sexual maturity of
females (CWso0) caught in both years was estimated with the package ‘Sizemat’ in R (ver. 4.2.0) with
Rstudio.

To determine statistical differences of fecundity and egg size among months, a one-way ANOVA
(F) was employed, combined with Tukey’s post hoc test. To determine the relationship of fecundity,
total egg mass and egg volume with size (CW), linear regressions were constructed. All analyses were
conducted using R studio (ver. 4.0.0)

3. Results
3.1. Physicochemical Parameters

3.1.1. Temperature

In the first year (December 2020 — November 2021) the bottom temperature ranged from 9 °C in
January 2021 (METH 1) to 30,1 °C (LOUD 1) in June 2021. The following year (December 2021 —
November 2022 the temperature ranged from 3,8 °C in January 2022 (BAR 1) to 28,7 °C in July 2022
(AX 1) (Figure 2).
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Figure 2. Bottom temperature (°C) in three sampling stations (LOUD 1, METH 1, BAR 1) in the inner
Thermaikos Gulf during the survey period (December 2020-November 2022).

3.1.2. Salinity

In the first-year salinity ranged from 11,78 psu in February 2021 (BAR 1) to 37,6 psu in March
2021 (LOUD 1). In the second-year salinity ranged from 16 (BAR 1) in December 2021 to a maximum
of 36,9 psu in March 2022 (AL 3).

3.1.3. Oxygen

Oxygen fluctuated significantly depending on month and sampling station. In the first and the
second period both minimum and maximum oxygen values were recorded in LOUD 1 with 3.52 (July
2021) and 16.16 mg/l (May 2021) and 2.5 (June 2022) and 18.15 mg/l (March 2022), respectively.

3.2. Sex Ratio

In total, 5,698 crabs were collected in the two-year study (December 2020 - November 2022) in
the inner Thermaikos Gulf. In the first and in the second year 2,626 and 3,072 crabs were caught,
respectively. Out of the 5,698 crabs, 2,897 were males and 2,801 females with 1,326 and 1,571 and
1,300 and 1,501 specimens caught in the first and in the second year, respectively. Total sex ratio (/%)
reached equality (1.034) (x?=1.62, p = 0.202). Monthly sex ratio exhibited a similar trend in both years
except for December, February, April and August (Figure 3).
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Figure 3. Monthly sex ratio of the blue crab C. sapidus during the first (December 2020-November
2021) and the second year (December 2020-November 2022) in the inner Thermaikos Gulf.

In the first year sex ratio did not deviate from equality for 7 months; January (x2=0.14, p=0.71),
May (x2=0.44, p = 0.5), June (x2=2.37, p = 0.12), July (x2 = 0.28, p = 0.59), September (x2 = 3.66, p =
0.056), October (x2? = 2.58, p = 0.11) and November (x2 = 0.09, p = 0.75). Males predominated in
December (x2 =18.06, p<0.001), February (x2=4.88, p =0.02), March (x2=15.52, p<0.01) and April (x?
=9.52, p =0.002) except for August (x?=5.32, p = 0.02) when sex ratio was in favor of females. In the
second-year females dominated in February (x2=4, p = 0.04) and May (x?= 16,41, p<0.001), whereas
in August (x?=25.75, p<0.001) and in September (y2=4.67, p = 0.03) males outnumbered females. Sex
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ratio reached equality in April (x?=3.64, p =0.06), June (x>=1.58, p =0.21), July (x>=0.003, p = 0.95),
October (x?=0.004, p = 0.95) and November (x2=0.04, p = 0.83).

Sex ratio at the 3 m depth gradient, including hang mussel culture sampling station (3.5 m), was
in favor of females with a ratio of 1:2.02 (5/%) (x?= 150.22, p <0.001) (& = 449, ? = 899). Only 74
immature females were found which represented 8% of all females.

3.3. Females Monthly Distribution

Monthly distribution of all females caught during the survey is presented in Figure 4. For both
years the highest number of females was caught during the summer (June — August) with a peak in
July (N=944) followed by fall (September, October) and May whereas significant lower number was
recorded from late fall to mid spring (November to April) (N <100 crabs) Similarly, by excluding the
seasonal sampling stations the highest number of females was caught in July (N = 544) followed by
June (N = 462) and August (N =408) in both years, respectively.

Number

Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov
Months

m Dec 2020-Nov 2021 m Dec2021-Nov 2022

Figure 4. Monthly distribution of female C. sapidus during the first (December 2020-November 2021)
and the second year (December 2020-November 2022) in the inner Thermaikos Gulf.

3.4. Females Size (CW) Frequency Distribution

Out of the 2,801 females caught, sexually mature ones including ovigerous females made up
~80% of the sample (N =2,242) with 1,020 and 1,222 individuals collected in the first and in the second
year, respectively. Immature females (>60 mm CW) caught were 540 (17% of the sample) with a
similar number collected in the first (N = 268) and in the second year (N = 273), respectively. Only 19
juveniles (<60 mm )(range CW: 30 — 59,75 mm) were caught ( <1% of the sample) with 12 and 7
individuals collected in the first and the second year, respectively (Figure 5).
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Figure 5. Size - frequency distributions of mature and immature (including juveniles) females C.
sapidus during the survey (December 2020- November 2022) in the inner Thermaikos Gulf.
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Out of the 2,801 females, 2,642 individuals were intact with a mean CW(+sd) = 125.69 (+21.04)mm
(range: 30-176.64 mm). In the first and in the second year 1,242 (mean CW =125.52 +21.90 mm; range:
30 — 172.97 mm) and 1,400 (mean CW = 125.78+20.29 mm; range: 41.67 — 176.64 mm) intact female
crabs were measured. A Kolmogorov Smirnov test, Mann Whitney test and Independent-Samples
Median Test showed that there was no significant difference in size frequency distributions, mean
ranks and medians between females collected in the first and in the second year ; (Kolmogorov
Smirnov test: z=0.979, p=0.293); Mann-Whitney test: U = 857,642, p = 0,548, and Independent median
test: T=1.969, p<0.172, respectively.

Intact mature females (N = 2,111) ranged from 90.85 to 176.64 mm CW with a mean(tsd) =
133.71(¢13.19) mm. The total number of intact mature females in the first and the second year was
978 and 1,133 with a mean CW(+sd) = 134.46 (+13.11) mm (range: 90.85-172.97 mm) and CW(+sd) =
133.11(¢¥13.25) mm (range: 91.8 — 176.64 mm), respectively. Intact ovigerous females had a mean
CW(zsd) =130.33 (+14.26 mm; range 99.21-172.97 mm).

Intact immature females (N = 512) had a mean(+sd) = 95.33(+13.08 mm) and ranged from 60,66
to 133 mm CW. The total number of intact immature females in the first and the second year was 252
and 260, with a mean CW(xsd) = 94.73(+12.71) mm (range 60.82 - 133 mm) and a mean CW(zsd) =
95.92(+13.43mm) (range 60.66-131.91 mm), respectively. Size frequency distributions, mean ranks and
medians were significantly different between intact mature and immature females; Kolmogorov
Smirnov test: z = 17.362, p<0.000); Mann-Whitney test: U = 20,948.500, z = 9.3p<0.000; Independent
median test: T =625.797, p<0.000, respectively.

3.5. Ovarian Stages

3.5.1. Gross Appearance of Ovaries

Visual inspection of ovarian stages was performed in 1,282 sexually mature females. All five
ovarian stages (I-V) proposed by Hard [62] were observed. Monthly frequency of ovarian stages in
the first year (December 2020 to November 2021) was estimated from 666 sexually mature females

and is shown in Figure 6a. Premature ovarian stages were observed throughout the year: stage I was
observed in all months with high percentages in December and March and with a peak in April when
all ovaries of females examined were at that stage; Stage Il appeared all over the year except for April
and with the highest percentage observed in January (56%). Females with mature ovaries (stage III)
were observed almost all over the year, except for February, March and April. The highest
percentages recorded from May to August (46-54%) but also in October (54%) whereas in September
stage III was low (20%). Stage IV appeared in July (26%), August (20%) and September (4%). Stage V
was observed from June to November with the highest percentage recorded in September (21%). In
the second year the ovarian stages were examined in 616 sexually mature females (Figure 6b). Stage
I was present in all months except for January and peaked in March (70%). Stage II was observed
throughout the year with the highest percentage recorded in January when however, only two crabs
were caught. Stage IIl was present in all months except for January. Lower percentages were observed
from February to April and in September (20-25%) whereas the highest percentages were recorded
from May to August (35-50%) but also from October to November (34-47%). Stage IV appeared from
June to September with the highest percentage recorded in July (33%) and in August (27%). Stage V
was present from May to November except for August whereas the highest proportions appeared in
May (17%) and in July (14%).
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Figure 6. a,b Frequency (%) of ovarian stages in female C. sapidus in the inner Thermaikos Gulf
(December 2020 — November 2021 (N=666) (above) and December 2021- November 2022 (N=616)
(below).

3.5.2. Histological Analysis of Ovarian Stages

Histological analysis of the ovaries of female blue crab assigned five stages (stovl — stov 5) in
the ovarian maturation process: inactive (stov 1); growing (stov 2); development (stov 3); mature (stov 4)
and resorption (stov5) (Figure 7a-e). In the inactive stage the primary oocytes form the previtellogenic
oocytes after meiotic division. An increase in cytoplasmic size is observed (Figure7a). In growing
stage early gametogenesis occurs, the nucleus remains large with more than one nucleoid, a thin
basement membrane appears, and a perinuclear vacuole in the cytoplasm is present (Figure 7b). As
oogenesis progresses, at the development stage, there is an increase in the size of the oocytes and the
formation of the Zona pellucida. Granulosa cells arranged radially around the Zona pellucida (Figure
7c). During the maturity stage, large oocytes without visible nucleus are present, yolk grains forming
glassy plates with no gaps between them and with bright pink color (Figure 7d). In the resorption
stage after the spawning period, residual oocytes in various stages of development are observed.
Phagocytes participate in the process of absorbing residual gametes (Figure 7e).
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Figure 7. Ovarian developmental stages of female Callinectes sapidus as determined by microscopic
examination of histological preparations of gonads on a monthly basis (A) Undifferentiated germ
cells; Stage 1 ov, (B) Nucleus remains large with more than one nucleoid and appearance of a thin
basement membrane, nuclear gap (arrow) in early oocytes; Stage 2ov, (C) Development of Immature
oocytes with accumulation of granules and a thin basement membrane (arrow); stage 3ov, (D) Mature
oocytes (Arrow) in the mature gonad; Stage 4 ov, (E) Process of resorption of immature oocytes with
presence of phagocytes (arrow); Stage 5ov. (n: nucleus, gvl: granulosa cells, gv2: nutrients)
Hematoxylin-eosin staining.

3.6. Size (Carapace Width) - Ovarian Weight

In females with ovaries at stages IIl and IV (see [62]) Spearman rank order correlation
demonstrated a significant weak positive correlation between carapace width and ovarian weight (o
=0,263, p = 0,025) (N = 73). However, when only females at stage IV (N = 20), i.e., between first and
second ovulation, were examined the Pearson correlation test showed that CW and ovarian weight
resulted in a highly significant strong positive correlation (r = 0.61, p = 0.003).

3.7. Ovigerous Females

3.7.1. Temperature — Ovigerous Females
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A strong but non-significant correlation was found between mean pooled temperatures from
April to October of both years and the number of ovigerous females collected in the respective
months (Pearson correlation test, r = 0.631, p =0.129).

3.7.2. Monthly Distribution of Ovigerous Females and Ovigerous Females with Eggs at
Developmental Stage 5

During the two-year survey a total of 340 ovigerous females with eggs at all developmental
stages (1-5) were caught (N = 156, 2021) (N = 184, 2022). Monthly distribution of ovigerous females in
the first and in the second year is presented in Figure 8. In the first year ovigerous were collected
from May to September whereas in the second year their presence extended from April to October.
The highest number of ovigerous females in the first and in the second year was caught in July with
83 and 135 crabs which corresponded to 53 and 73 % of the total number of ovigerous in each year,
respectively. It was followed by August with 61 and 20 crabs, in the first and the second year,
respectively, but also by June 2021 with 14 ovigerous. In all other months in both years the number
of ovigerous caught was <8 crabs. Chronologically, the first ovigerous females were caught at the end
of April (N =3) and the last ones at the end of October 2021 (N = 3). By excluding the seasonal stations,
the number of ovigerous caught in monthly stations was 206 with 113 and 93 specimens found during
the first and the second year, respectively. Specifically, in the first year the highest number was found
in August (N = 61) followed by July (N = 42). Conversely, in the second year the highest number was
caught in July (N = 45) followed by August (N = 20). For both years the highest number of ovigerous
in monthly stations were collected in July with 87 individuals followed by 81 in August, represented
42 and 39 % of the total number of ovigerous caught in monthly stations, respectively.

160

Number of ovigerous females

2020-2021 2021-2022
Years

m Mar W Apr May W Jun W Jul Aug M Sept W Oct

Figure 8. Monthly distribution of ovigerous females C. sapidus in the inner Thermaikos Gulf during
the first (December 2020 — November 2021 and the second year (December 2021- November 2022
(below).

A total of 97 ovigerous females with eggs at developmental stage 5 were caught, representing
30% of total ovigerous females. In the first and the second year 46 and 51 ovigerous were caught,
respectively. In the first year the largest number was selected in July (N = 33) followed by August (11)
whereas only one was caught in May and September, respectively. Similarly, in the second year the
largest number was selected in July (N = 37) followed by August (N = 9); only one in June and two in
September and October were caught, respectively. By excluding the seasonal stations, the number of
ovigerous with eggs at stage 5 caught in monthly stations was 52 with 34 and 18 specimens found
during the first and the second year, respectively. Specifically, in the first year the highest number
was found in July (N = 23) followed by August (N =11). In the second year all ovigerous females with
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eggs at developmental stage 5 were found in July and August with the same number caught (N = 9)
in both months.

3.7.3. Spatial Distribution of Ovigerous Females and Ovigerous Females with Eggs at
Developmental Stage 5

Spatial distribution of ovigerous females in the inner Thermaikos is presented in Figure 9a,b. In
both years ovigerous were found at 18 out of 21 monthly and seasonal sampling stations with the
highest number caught in both seasonal station AX1 and monthly station AL2 (N = 64) followed by
the seasonal station AX2 (N =49). In the first year 42 ovigerous were caught in AL2 followed by AX1
(N=35), METH 2 (N = 27) and BAR 2 (N = 14). In all other sampling stations ovigerous were <10
individuals. In the second year 45 ovigerous were caught in AX2, followed by AX1 (N=29), AL2 (N
=22), BAR2 (N =19), METH 2 (N = 16) and in the hang mussel culture (N = 11). In all other sampling
stations ovigerous at stage 5 were <10 specimens. In both years 10 ovigerous, five in each year, were
collected in the nursery area of Barl. Only two ovigerous with eggs in early developmental stage
(stages 1 and 2) were found in Loudias River one in each year. Not any crab or ovigerous female was
found at the sampling stations AL3 (15 m depth) and AL4 (25 m depth) and at the long line mussel
culture station where mussels were cultivated all year round (7-10 m depth). Independent sample
Kruskal Wallis test (H) showed that the number of ovigerous females varied significantly among the
sampling stations (y?=28.104, df = 17, p = 0.044).
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Figure 9. a,b. Spatial distribution of ovigerous females in the inner Therrmaikos Gulf (December 2020
— November 2021)(above) and the second year (December 2021- November 2022 (below).

Ovigerous females with eggs at developmental stage 5 were found inshore in all sampling
subareas in the inner Thermaikos i.e., Methoni Bay, Bara, off Aliakmon estuary, Loudias Bay
(including the hang culture station) and off Axios estuary. From pooled data from all sampling
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stations in every sub-area, the highest number (N = 30) was selected both off Aliakmon and Axios
estuaries, which represented each the 31% of all ovigerous with eggs at stage 5 caught. It was followed
by Methoni Bay (N = 22) and Loudias Bay (N = 14), including the hang mussel culture sampling
station, represented 23% and 14% of all ovigerous with eggs at stage 5 caught, respectively. In both
years the highest number of ovigerous with eggs at developmental stage 5 was found in sampling
station AL 2 (N =28) which represented =30% of all ovigerous at that stage followed by AX 2 (N =18)
and METH 2 (N= 14). In the first and the second year the highest number of ovigerous with eggs at
developmental stage 5 was caught in AL 2 (N =11) (24% of all ovigerous with eggs at stage 5) and in
AX 2 (N =18) (35% of all ovigerous with eggs at stage 5), respectively. No one ovigerous with eggs at
stage 5 was collected in Loudias River and in the sub-estuary area of Bara (sampling stations BAR 1,
BAR 2) with the exclusion of one female with eggs in its pleopods, that it was previously hatched and
found in BAR 2 probably migrating back to the sub-estuary from spawning site.

3.7.4. Bathymetrical Distribution of Ovigerous Females and Ovigerous Females with Eggs at
Developmental Stage 5

The highest number of ovigerous females in the first and the second year was caught at 3 m
depth gradient with 90 and 120 crabs, corresponded to 58 and 65% of the total number of ovigerous
females, respectively (Figure 10). Strong presence of ovigerous was observed at 1 m depth where 50
and 38 crabs were caught in the first and the second year, respectively. At 6 m depth were found 14
and 20 ovigerous whereas at 9 m depth 3 and 5 crabs were collected in the first and the second year,
respectively. In Loudias River only two ovigerous with eggs at developmental stage 1 and 2 were
caught, each in every year. A strong negative but non-significant correlation with depth and
ovigerous females was found with depth gradient (Pearson correlation test; r =-0.65 p = 0.342).

Loudias River (2.5 m)
8-10m

6m

Depth

3m

im

Number

m Ovigerous females M Ovigerous at developmental stage 5

Figure 10. Bathymetrical distribution of ovigerous females and ovigerous with eggs at developmental
stage 5 during the period of survey in the inner Thermaikos Gulf.

Independent sample Kruskal Wallis (H) test (x?=20.711, p = 0,000) showed that there was a
significant difference between the number of ovigerous and depth gradient. However, pairwise
comparisons showed that the number of ovigerous does not vary at 1, 3 and 6 m depths whereas it
was significantly different with that in depth 9 m and in Loudias River. The number of ovigerous
caught at 9 m and in Loudias River was not different. However, when only July and August were
tested when 88% of all ovigerous were caught during the survey, one-way Anova (F) showed that
there was a significant difference (F = 5.209, p = 0.008) between the number of the ovigerous and
depth gradient. Multiple pairwise comparisons (LCD) showed that the number of ovigerous at 3 m
depth was significant different to all other depths (p = 0.001-0.027).

In both years the highest number of ovigerous with eggs at developmental stage 5 was caught
at 3 m depth (N = 71), including the sampling station at the hang mussel culture (N=9), corresponded
to 73% of the total number of ovigerous females found, followed by a significantly lower number at
1 m (N=12), 6 m (N = 8) and at 9 m (N = 6). No one ovigerous with eggs at stage 5 was collected at 15
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and 25 m depth and at the long line mussel culture sampling station. A moderate negative non-
significant correlation between ovigerous at stage 5 with depth gradient was found (Pearson
correlation test; r = -0.41 p =0.593).

3.7.5. Size of Ovigerous Females and Ovigerous Females with Eggs at Developmental Stage 5

The mean CW of intact ovigerous females (N = 325) was 130.33(+14.26) mm (range CW: 98.21-
172.97 mm) whereas the mean CW of intact ovigerous females with eggs at developmental stage 5 (N
= 94) was lower (CW = 127.27+15.19) mm (range CW: 98.21 -172.97 mm). The smaller and the larger
ovigerous females in size (CW) had eggs at developmental stage 5.

3.7.6. Size of Ovigerous Females and Ovigerous Females with Eggs at Developmental Stage 5 with
Depth Gradient

The mean CW(zsd) and the number (N) of ovigerous caught at the different depth gradients of
1m, 3m, 6 m and 9 m was 133.28(+13.98) mm (N = 80), 128.53 (+14.08) mm (N = 120), 132.75(+
13.76)mm (N = 35) and 138.76 +17.12 mm (N= 7), respectively. Independent sample Kruskal Wallis
(H) test showed that there was a significant difference in CW between ovigerous females according
to depth (x2 = 8.516, df = 3, p = 0.036) Multiple pairwise comparisons showed that mean CW of
ovigerous found at 1 m depth was higher than that of ovigerous at depth 3 m (p = 0.024) but non-
significant to that of ovigerous at 6 m (p = 0.966) and 9 m (p = 0.413) whereas CW between ovigerous
females caught at 3, 6 and 9 m was non-significant (p = 0.09 — 0.488); however, the number of
ovigerous found at 6 and 9 m depth was significant lower than at 1 and 3 m depth gradient .

Moreover, the mean CW(+sd) of intact ovigerous females with eggs at developmental stage 5
caught at the different depth gradients of 1 m, 3 m, 6 m and 9 m was 121.35(+ 9.44)mm (range: 98.21-
136.98 mm), 127.73(+15.93)mm (range: 100.17-172.97 mm), 131.84(+12.07) mm (range: 106.03 — 146.79
mm), 142.78(+22.72)mm (range:115.79-170.98 mm). One - way Anova (F) showed that there was not
a significant difference in CW between ovigerous females at stage 5 according to depth (F = 2.664, df
=3, p=0.053).

4. Size (CW50) at First Maturity

The mean size at maturity for females (CWso) collected in the two-years survey was calculated
as 113.1 mm CW, using Frequentist regression; (CWso) = 113.1 mm (12 = 0.97, confidence intervals =
112.8-113.4 mm) (Figure 11).
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Figure 11. The mean size at maturity of females C. sapidus in the Thermaikos Gulf during the period
of study (2020-2022) using the Frequentist regression.

5. Experimental Sampling

Almost all crabs caught during the experimental trawling in sampling station BAR 1 (depth <1
m) and in BAR 3 (depth <1 m), in March 2022, in Bara sub-area were juveniles (CW <60 mm). In
February 2021 were selected only juveniles (N =51; 25 males and 26 females), with an equal sex ratio,
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ranged in size (CW) from 11- 34.23 mm with mean(ts.d) = 21.11(+5.35) mm. In March 2022, 52
individuals were caught with 28 males and 25 females and a sex ratio almost reaching equality. Out
of 52 crabs, 49 were juveniles and 3 adults: two immature females with CW =79.09 mm and CW =
88.17 mm, and one male (CW = 101.73 mm). Size of juveniles ranged from 12.51 to 54.7 mm with a
mean CW(zs.d) = 28.05(+27.47) mm.

6. Fecundity

Absolute fecundity was measured from 30 ovigerous females caught in June (N=4), July (N = 16)
and in August 2021 (N = 10). Mean size(+s.d) of ovigerous females was 133.2(+13.9) mm, bearing eggs
of various developmental stages (1-5). The number of eggs ranged from 236,407 to 1,939,139 with a
mean(+s.d) 788,031(+447,534). Total egg mass ranged from 5.1 to 27.38 g with an average(ts.d)
13.65(+6.65)g. EMI(%) ranged from a minimum of 4.18 to a maximum of 13.34% with an average(+s.d)
8.18 (+2.18)%. Egg volume fluctuated from 0.00729 to 0.01982 pm3with an average(+s.d) 0.012 (+0.003)
pum? (N =290 eggs) whereas egg diameter ranged from 195.5 to 265.25 um with a mean 224.39 (+20.47)
pum. One-way Anova showed that statistical differences were observed for fecundity (F = 4.23; p =
0.025) and egg mass index (EMI) (F = 5.65; p = 0.009) with month, while no significant variation was
reported for total egg mass (F =2.04; p =0.15), diameter (F =2.11; p = 0.177) and volume (F =1.09; p =
0.5). Tukey’s HSD showed that both fecundity and EMI exhibited highest values in June compared
to August with p=0.02 and p < 0.005, respectively, while July showed no statistical differences with
the other two months, (Figure 12) with p = 0.087 (July-June) and p = 0.87 (July-August) and p =0.053
(July-June) and p =0.898 (July-August), respectively. Linear regressions showed that the highest
correlation was observed between carapace width and total egg mass (r2=0.47, p<0.001), followed by
the number of eggs (r>= 0.41, p<0.001) while egg diameter showed no statistical relationship with
carapace width (p>0.05) (Figure 13).
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Figure 12. Bar plots for monthly number of eggs and egg mass index (EMI) of females C. sapidus in
the Thermaikos Gulf during the period of study (2020-2022) Different letters indicate statistical
difference. Error bars show (+ 2) standard deviations.
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Figure 13. Linear regression plots with 95% confidence intervals (gray areas) of (A) number of eggs —
carapace width A), and (B) egg mass — carapace width (CW) of females C. sapidus in the Thermaikos
Gulf.

7. Discussion

Female blue crabs Callinectes sapidus have a complex reproductive strategy characterized by two
life stage-dependent and directionally opposite migrations from estuarine to oceanic/marine habitats
e.g., [43,47,50]. This strategy, part of the life cycle of the blue crab, has been studied thoroughly for
more than 100 years in the temperate waters of the Mid and South Atlantic Bight along the east coast
of the USA e.g., [42,43,46—48,65-72]. In a typical estuarine environment mating generally occurs in
low- and mid-salinity areas from spring to fall and females store the sperm of the male to inseminate
future egg masses; e.g., [42,43,73]. After mating, females migrate gradually, through two phases, to
down-estuary to higher salinity regions (e.g., lower bays, bay mouths, and adjacent offshore areas)
(phase I), and subsequently towards spawning grounds (phase II) [43,45,69,70,74,75]. They generally
extrude eggs during the summer months and carry them as a mass under their abdomens for ~2-
week development period. Spawning usually takes place within 1 to 2 months after mating and up
to 9 months for those inseminated by the end of previous summer and fall [42,45,70,74,76]. Females
release larvae near estuary mouths and larvae are transported offshore [47,77,78] where larval
development occurs. Wind events transport megalopae as recruits back to coastal regions and
estuaries to mature into adults [70,79,80]. Most of the above critical stages of the complex life cycle
and reproductive strategy of the female blue crab have been also described from coastal and estuarine
habitats of the Mediterranean Sea where the blue crab has invaded and established thriving
populations see [15,16,53,81,82]

Sex Ratio and Mating

Fitz and Wiegert [83] stated that sex ratio is presumed to be balanced in most blue crab
populations. In Thermaikos total sex ratio of the population does not deviate from equality;
unexpectedly, since blue crab stock has been intensively exploited for more than fifteen years in the
inner gulf and large male blue crabs were scarcely found in the fished population (unpublished
Kevrekidis et al.). During a study in Methoni Bay (Thermaikos Gulf) in the period 2011-2012 males
outnumbered females with a ratio of 2:1 [15]. In Monolimni Lagoon (Evros River estuary) total sex
ratio skewed towards males [16]. Males dominance is reported from Italian, Egyptian and Croatian
lagoons [18,34,84,85] but also for blue crab populations along the mid-Atlantic Bight [83,86].
However, sex ratio was found to be highly biased towards females along the southwestern Coast of
Turkey [21,52,54].

Female blue crabs have a single opportunity to mate, immediately after their final (pubertal)
molt to maturity [42,87]. Mating involves intricate interactions between males and females [43,88,89](
and a sex ratio 1:1 is expected. However, in blue crabs, the structure of local populations, such as the
number of males and females that are ready to mate (operational sex ratio), influences an individual’s
ability to find and compete for receptive mates. Moreover, female blue crabs mature asynchronously
and are thought to mate only once, so that the pool of receptive males is usually larger than that of
receptive females. Additionally, males mature at a smaller size than females [43]. Rains et al. [90]
found that although the operational sex ratio in six tributaries of Chesapeake Bay was variable, both
of the forementioned factors can remain sex ratio skewed toward males even if the male : female sex
ratio of a blue crab population is skewed toward females. However, in the Thermaikos a monthly sex
ratio 1:1 in April 2021 and May 2022 and in June, July and September through November in both
years was assessed, indicating that from mid spring to mid-summer and in fall mating is probably
taking place and that estimated sex ratio corresponded with the operational sex ratio. In Monolimni
Lagoon (Evros River estuary, northeastern Aegean) mating probably occurs in early summer (June)
in hyposaline areas when a sex ratio of 1:1 was recorded [16].

Size at First Maturity
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In the present study mean size (CW) of females, including immature and mature females, was
lower (125.67 mm) than that estimated from Monolimni Lagoon (130 mm) with both studies
contacted at the same period of time (2020-2022) [16]. However, mean size of mature females
(including ovigerous females) and of ovigerous females were higher than those in the Levantine Sea
(Inskederun Bay)[52] with 133.71 and 130.33 and 123.7 and 120.2 mm, respectively. Moreover, mean
size at maturity (CWso) estimated in this survey (113 mm) was lower than that in Monolimni Lagoon
(123.8 mm) [16] and in Trapani saltmarshes (120 mm) (Sicily, central Mediterranean) [53] where blue
crab populations have been only recently exploited intensively. However, size at first maturity was
similar than that reported from Iskenderun Bay (114.1 mm) [52] and lower than that in Beymelek
lagoon (118.5 mm) in the Levantine Sea [21,52,54], indicating that an intense fishery pressure upon
the blue crab population was taking place also in the Thermaikos Gulf. Lipcius and Stockhausen [71]
reported that in the Chesapeake Bay, where the largest fishery for the blue crab both today and
historically exists along the Atlantic coast, size at maturity ranged from 108 to 118 mm CW, as CWso
decreased from 118.4 mm between 1988 and 1991 to 107.9 mm CW between 1992 and 2000 [71]. The
same authors proposed that this reduction was related to poor recruitment, in concert with high
fishing mortality of the stock, which was at or near overexploitation, and of natural mortality. A
significant variation in CWso is reported from other native areas of the species; in New England tidal
rivers, Taylor and Fehon [91] estimated size at maturity at 129 mm, in Maryland coastal Bays it was
estimated at 116 mm CW [86], and in Florida estuaries in the Atlantic coast CWsoranged from 123.7
to 129.5 mm CW whereas in North Gulf estuaries from 116.5 to 121.5 mm CW [92]. Significantly lower
values (102-103.3 mm CW) were estimated on the southern coast of Brazil [93,94]. However, out of
the effect of fishing intensity Fisher [95]stated that environmental factors also play an important role
on estimating life history parameters with female blue crabs mature at smaller sizes as temperature
and salinity increases.

Owvarian Development

During the two-year survey in the Thermaikos Gulf, females blue crabs exhibited a protracted
reproductive period; macroscopical inspection of the ovarian development according to Hard [62]
has shown that mature ovaries (Stage III) were present in all months with however low percentages
recorded during the cold period * (December to March) of the year. The highest percentages of mature
ovaries (stage III) were observed from May to August but also in October and in November. In both
years stage IV appeared from May to September and peaked in July, whereas stage V appeared from
May to November with a peak in September. Stage I and II were present in all months throughout
the two years with higher percentages during winter and early spring.

In the present study histological analysis assigned five stages of ovarian development (stov 1- stov
5) of female C. sapidus. The description of the five stages was similar to the one made by Carvalho-
Saucedo et al. [96] who previously also assigned five stages on the ovarian development of the blue
crab. These stages (stov 1- stov 5) however did not correspond to the five stages (I-V) proposed by Hard
[62] based on gross appearance. In the present study ovaries assigned into stage Il according to Hard,
which were visually differentiated from stage I and stage III due to color and size, might
histologically belong to gametogenesis (stov 2) or development (stov 3) stages. Secondly, ovaries at
stage IV corresponded according to Hard [62]to ovaries between first and second ovulation was not
identified as a separated stage and thus it was categorized histologically into the mature stage (stov
4).

In Evros estuary, NE Aegean Sea (temperature range November 2020- October 2021: 6-27 °C)
females with mature ovaries (stage III) were observed for an 8-month period, from late winter
(February) to October (mid-fall) whereas stage IV peaked in July and stage V appeared from June to
October [16] . In Iskenderun Bay, Tureli et al. [52] reported that mature and ripe ovaries were found
all year round with higher percentages from August to October. In the Atlantic coast ovarian
development in female blue crabs may take from as little as 2 months to as much as 9 months after
mating. Environmental conditions, especially temperature, play a role in determining the length of
time it takes for the ovary to develop with warmer temperatures speed development. Moreover, time
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of mating determines the length of time it takes the ovary to develop; if mating occurs in late spring
or early summer, the ovary should be well developed and ready for egg extrusion by late summer. If
mating occurs late in the summer or early in the fall, the ovary develops during the winter and egg
extrusion does not occur until late spring to mid-summer of the following year [69,97].

Thus, timing of brood production is influenced by environmental conditions and there is a
temporal and spatial variation in the timing and duration of the spawning season with spawning
initiated earlier in the spring at lower latitudes [43,73,74,98]. Monthly presence of ovigerous females
and especially of ovigerous females bearing eggs in the late developmental stage 5, i.e prior to eggs’
release and hatching, showed that the spawning period of the blue crab in the Thermaikos Gulf
extends from late April to late October. However, taking into consideration that a ) ovigerous females
with eggs in early developmental stage were caught at the end of March 2012 during a study
conducted in the period 2011-2012 in Methoni Bay (see [15] and b) the time needed for ovigerous
females with eggs in early developmental stage to the time that eggs are released and hatched has
been estimated approximately to 14 days ( e.g., [43], indicates that the spawning period of the blue
crab in the Thermaikos Gulf extends for an approximately seven - month period, i.e., mid-April to
late October. Ovigerous females were observed for a six month period (May to October) in Evros
estuary [16], for an eight month period (February-September) in Beymelek Lagoon whereas in
Iskenderun Bay for only 6 months (May to September)[52]. Along the east coast of the Atlantic the
length of the blue crab spawning season increases as a function of water temperature lasting about
three months in N. Jersey (June to August) [43], four months in Chesapeake Bay (May to September
[42,77] five months in south Carolina [99] , nine months in Florida (February to October) [100] or
almost year- round [92] and year-round in southeast Brazil [93,94]. Thus, a longer spawning season
allows production of additional broods per year because blue crabs are multiparous (see below
fecundity). However, Differences in reproductive timing between tropical, subtropical, and
temperate populations of blue crab hint at potential effects of warming on the length of the spawning
season, yet changes in the duration of the spawning season due to climate change within geographic
locations are expected [48].

Ovigerous Females

In Thermaikos a strong but non-significant correlation was found between temperature and
ovigerous females; the highest number of ovigerous females but also of ovigerous females with eggs
at stage 5 recorded for both years in July followed by August. Therefore, spawning of the blue crab
in Thermaikos Gulf peaked clearly in July and August at temperature ranged from 26 to 29 °C in
inshore waters (see below),(see below) indicating a non-interannual temporal variation on spawning.
However, a temporal variation on females spawning peak was found in the study conducted in the
period 2011-2012 in Methoni Bay [15]. In this one-year study consisted by bimonthly samplings the
highest number of ovigerous was caught in May (N = 22) followed by July (N = 9) with the remaining
2 specimens fished in March having eggs in early developmental stages. Moreover, the highest
number of ovigerous crabs with eggs in late developmental stages was recorded also in May (N=13)
with another two caught in July. However, in the present study no one ovigerous was found in May
in any sampling station of Methoni Bay; inversely, in both spawning seasons (2021 and 2022) the
greatest number of ovigerous in the Bay was caught in July followed by August. Similarly, in the
southeastern Mediterranean the highest number of ovigerous females was observed in July and
August (Iskenderun=) Bay) [52] , whereas in the Beymelek Lagoon spawning period lasted between
July and September [54]. However, in Evros estuary ovigerous females at stage 5 peaked in
September [16].

The spatial distribution of ovigerous females showed that they were found mostly in inshore
waters in almost all sampled sub-areas of the inner gulf from the Axios estuary in the east to Methoni
Bay to the west. Ovigerous females were found also in Loudias River at 800 m distance from the
rivers’ opening to the sea, having eggs in early developmental stage, implying that ovigerous females
bearing eggs at the early stages of development may also tolerate extremely low salinity values
corresponding to freshwater conditions (see also [43]


https://doi.org/10.20944/preprints202409.1858.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024 d0i:10.20944/preprints202409.1858.v1

21

No one ovigerous was found at the sampling station of the long line mussel culture station (10
m depth in Loudias bay and at 15 and 25 m offshore Aliakmon estuary (see below). The highest
number of ovigerous females but also of ovigerous females with eggs at stage 5 were found in the
seasonal sampling stations AX1 and AX2 and in AL2 and AL3 situated at the adjacent coastal waters
of Axios and Aliakmon estuaries, respectively indicating probably a site selection by the ovigerous
females. These stations are characterized by a bare substratum at depths from 0 to 3 m with sandy-
mud substrate and with no seagrass/seaweed vegetation. Inversely, Loudias along with Bara and
Methoni Bays from 0 to 2 m depth are characterized by a muddy and muddy-sand substrate and the
seasonal presence of Gracilaria sp and permanent Cymodocea nodosa meadows, respectively, but also
by a bare substrate at 3 m. However, it must be noted that stations AX1 and AX2 along with stations
AL2 and AL3 are sites that are not fished intensively or not fished at all by the fishermen throughout
the year, respectively, compared to Bara, Loudias and Methoni sub-areas. Thus, it is believed that no
spatial-specific spawning site seems to be selected by the female’s blue crab in Thermaikos and that
spawning occurs in inshore waters along the estuarine coastline of the northwestern part of the inner
gulf of the inner gulf.

However, in Thermaikos depth plays a significant role in site selection by the spawning females;
the number of both ovigerous and ovigerous with eggs at stage 5 in both years was higher at 3 m and
1 m than at 6 m and at 9 m depth gradients, whereas no one ovigerous was found at 10 m, 15 m and
25 m depth gradients. Moreover, in both years during the spawning peak (July-August) and the
spawning periods the number of ovigerous and of ovigerous at stage 5 was higher at 3 m than at all
other depth gradients, respectively. However, it must be noted that in the present study the highest
frequency (75%) of females at stage 5 was found at 9 m gradient, with however a very small number
caught, probably due to a need for these ovigerous to have further isolation and protection from
predators during hatching and release of larvae. The above showed that in Thermaikos a) spawning
sites are found in the inshore waters of the inner gulf along a depth gradient (see below) and c) a
strong negative and moderate correlation exists between ovigerous females and ovigerous females
at stage 5 with depth, respectively. Similarly, in Evros estuary a seaward migration of ovigerous
females for spawning was observed with most of them found at the adjacent offshore waters of
Monolimni lagoon at 1 m followed by 3 m and 6 m gradients indicating also a strong negative
correlation between ovigerous females and depth. Moreover, the highest frequency of ovigerous at
stage 5 was recorded at 6 m gradient (75%) indicating also a moderate correlation between ovigerous
females at stage 5 and depth [16]. In native areas female blue crabs tend to migrate to lower bays, bay
mouths, and adjacent offshore areas for spawning. In the Lower Chesapeake Bay distribution of adult
females ranged from 6 to 14 m whereas the blue crab spawning stock shifts spatially both during the
reproductive period and between years; [102,103]. In south Carolina (Charleston Harbour) 96% of
spawning females were found at 7 to 11 m depth [99]. Moreover, a significant depth and distance
differentiation of the spawning grounds from the coast is reported: In the Gulf of Mexico sand shoals
20-50 km offshore of the Louisiana coast have been identified as spawning grounds; these shoals are
high-relief, subaqueous stands of mostly sandy sediment (water depth 3 to 10 m) [104,105]. In the
relatively shallow bathymetry of Texas’ inshore areas, CPUE of egg-bearing females in the early era
was highest in waters between 1 and 10 m whereas CPUE during the late era of the year was highest
in depths approaching 15 m [106]. In Georgia summer peak spawning occurred primarily on the
continental shelf as far as 13 km offshore [107].

Although the timing of various components of the model (phases I and II) for the seaward
migration of females differ among estuaries in tropical, subtropical and temperate regions, the
sequence of events seems to be similar. However, in Chesapeake Bay females’ seaward migration
exhibits a significant spatiotemporal differentiation depending on mating site: Females that mate in
the upper Bay must migrate long distances (>200 km) to reach high salinity spawning grounds. Thus,
compared with females that mate in the lower Bay, females that mate in the upper Bay arrive at the
spawning grounds later in the year [68] often overwintering en route [69]. However, Epifanio [47]
stated that little is known about phase I migration in small estuaries, where the average depth is
much shallower than that in Chesapeake Bay and the distance from mating grounds to brooding
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grounds is much shorter (85% moved <15 km) [75,108,109]. In Thermaikos Gulf, Axios and Aliakmon
estuarine riverine systems including enclosures and lagoon like formations are shallow and relatively
small and the distance from mating sites to estuarine mouths and inshore coastal waters is up to 3
km at most cases. Thus, the duration of sea ward migration of inseminated and of ovigerous females
[45,47] (phase I) is very short. Furthermore, in phase II ovigerous females from estuarine mouths and
ovigerous females that inhabit inshore coastal waters up to 1 m and do not undertake phase I, migrate
at slightly deeper waters for spawning, at 1 m and up to 9 m depth gradient but mainly at 3 m depth
gradient which is the foremost selected spawning depth of the blue crab in the gulf. Thus, in
Thermaikos due to its shallow and relatively small estuaries, the gentle slope and low bathymetry of
the inner gulf, the reproductive strategy of female blue crab is marked by a short distance between
spawning phases I and II.

Epifanio [47,72] stated that larval development of the blue crab includes seven zoeal stages
followed by a single megalopa stage; development of zoeae occurs in the open coastal waters and
requires 3-4 weeks under favorable conditions whereas recruitment to juvenile populations is
dependent on advective transport of megalopa back to the estuary. Therefore, the extended spawning
period observed in Thermaikos indicates that an extended recruitment is expected to take place, too;
thus, several cohorts of megalopae of the blue crab are expected as recruits to engross the inlets canals
and enclosures in the estuaries serving as nurseries in the estuarine areas of the gulf favored by
southward winds and sea currents during summer and early fall. Once in the estuary, settlement and
metamorphosis of the megalopa are stimulated by chemical cues associated with appropriate nursery
habitat [110]. Newly metamorphosed juveniles are a few mm in carapace width and remain in
juvenile habitat for several months until they reach a width of 20-30 mm [47] when they began
disperse long distances into low salinity sub-estuaries to feed and grow to maturity in two years
[111]. In western Mediterranean (Spain) the highest zoea density was detected at 1 km off Albufeira
Lagoon and settlement peak occurs between September and November for megalops and juveniles
(<20 mm CW) [82]. In Iskenderun Bay blue crab settlement occurred between mid-June and mid-
October with the densest settlement recorded in August and September on various bottom substrates.
In the Beymelek recruitment to the benthic population started at the end of January with juvenile
found almost throughout the year. In Thermaikos during the two-year survey, very few juveniles
(N=19) (CW range: 30-60 mm) were caught from February to April and in July in all sampled sub
areas due mainly to selectivity of the mesh size of fyke nets. However, in the experimental trawlings
conducted in February 2021 and March 2022 at depth <0,5 m in Bara subarea a significant number of
juveniles with a mean CW =22 mm and CW =25 mm, respectively, was found in the muddy substrate.
Additionally, in the trawling of March were caught only two adult crabs as it is believed that the
others escaped due to their swimming capability. In both the experimental trawlings a 1:1 sex ratio
was estimated for juveniles; sex ratio is presumed to be balanced especially in the juvenile stages of
a blue crab population [83]; These samplings were conducted after a 6-7 month period from the
spawning peak in the gulf (July-August) and the juveniles caught may represent the main cohort that
enters the estuaries and coastal inlets in the inner gulf. Therefore, it seems that the newly crabs
undergo a migratory coastward pattern and engross into estuarine coastline, inlets canals and lagoon
like formations which serve as nursery areas. Thus, juveniles are distributed at very shallow waters
(<0.5 m depth) and share the same micro-habitats with immature and mature adults in the different
sub-areas of the inner gulf. Moreover, in the Thermaikos Gulf 90 and 88% of the total number of blue
crabs were caught at <3m during the first and the second year of the survey, respectively (Kevrekidis
et al., unpublished data). Thus, the blue crab population is aggregated in the adjacent inshore waters
(e.g., Loudias Bay), embayments (e.g., Methoni Bay) and lagoon like formations (e.g., Bara) of the
inner gulf where blue crabs become mature and mate, probably in sites associated with meadows of
C. nodosa (METH 1) or Gracilaria sp. (BAR 2) and spent most of their life cycle. Consequently,
inseminated and ovigerous crabs migrate from the above areas but also from Loudias River to release
larvae at 3 m and up to 9m and at a distance up to 2 km offshore (Figure 14).
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Aliakmonas River

Figure 14. Schematic diagram of the proposed life cycle of the blue crab in a semi-enclosed lagoon
like formation sub-estuary of Aliakmonas Delta (Bara subarea) in the inner Thermaikos Gulf.
Sampling stations Bar 1 (depth <Im), Bar 3 (depth <1 m), Bar 2 (depth 2.5 m, characterized by
meadows of Gracilaria sp.) and Al 2 (depth 3m, in the adjacent marine waters) are shown.

Fecundity

Female blue crabs are known for their highly reproductive rate and fecundity (see below) [43]
characteristics of an r-selected strategy [112].Within the Mediterranean the high fecundity of the
invasive portunid enhance the possibilities of a successful establishment in a selected habitat
followed by initial population outbreaks in most cases [38] and by a further dynamic expansion into
new coastal and estuarine habitats throughout the Basin.

Estimates of fecundity of the blue crab varied significantly; it ranged from 700,000 to a mean of
3.2 million of eggs in the Middle and south Atlantic Bight [42,48,49,65,92,113] and from 1.8 to 3.27
million eggs in northern Gulf of Mexico [64,92,114,115], whereas in South Atlantic [94] and [93]
estimated a mean of 2 million and a median of 978,000 eggs per female, respectively. In the
Mediterranean information is scarce and relevant studies have been conducted only in Sicily (central
Mediterranean) [53] and in Iskenderun Gulf (Alexandretta) Levantine sea [52] with mean fecundity
estimated at 1.5 million (985,000 to 2.1 million) and 1.91 million (667,950-4,669,853) respectively. In
the present study mean fecundity (788,031) was close to the lower range of estimated fecundity in
both native and invasive areas of the blue crab (788,031 eggs) (236,407 to 1,939139).

During mating the blue crab female may store sperm sufficient for repeated future spawnings
[42,43,115]. Brood production is a complicated process involving the temporal and spatial
coordination of female physiology with particular environmental condition and the number of
broods and size is influenced by a variety of factors including temperature salinity and size [43]. In
temperate waters females appear to live about 3.5 yr and are capable of producing one to three broods
per spawning season and up to 6-7 broods during their lifetime. [42,43,48,49,62,73] and the present
study confirms that a female can produce at least two broods in single spawning season as there were
found ovigerous females having ovaries at stage IV (female with full ovaries carrying egg mass) and
stage V (female after the first ovulation carrying egg mass) (see [62]). However, in subtropical waters
blue crabs can produce up to 6-7 broods per year and up to 16-18 broods over their lifespan
[43,73,115,116].

The wide differences on mean fecundity estimated for C. sapidus could be partially explained by
the number of broods that produced by the female blue crab and included in estimates of fecundity.
Fecundity has been found to decrease with successive broods [76,116,117]. Graham et al. [115] stated
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that in the north Gulf of Mexico primiparous spring females were the most fecund and multiparous
(second to more broods) summer/fall females the least fecund but they found no statistical difference
in fecundity by brood class and season. However, [48] Schneider et al. (2024) stated that in
Chesapeake Bay month had a substantial effect on female fecundity; spawners in June were mainly
primiparous and had the highest quantities of stored sperm and reproductive potential and that
across months primiparous females produced greater quantities of eggs than multiparous females
with primiparous females in August exhibiting the highest mean fecundity. In the present study
fecundity and egg mass index (EMI) exhibited highest values in June compared to August whereas
in July showed no statistical differences with the other two months whereas no difference was found
for total egg mass diameter and volume between months. Thus, the lower mean fecundity estimated
in the present survey compared to all other studies could be partially due to that no one primiparous
spring female (first brood) was examined and that the number of females analyzed from June was
low (N=4) and that probably females examined in July and August were mostly multiparous.
Moreover, in the present study abundance of ovigerous females varied by month indicating that
annual egg production may fluctuate substantially as a result of interannual fluctuations in
abundance and fishing pressure.

In the present study fecundity and total egg mass were related positively with size (CW); a
positive relationship between fecundity and CW has been documented from mid-Atlantic and the
north Mexico Gulf [44,48,49,115]. A weak positive linear relationship between fecundity and CW as
well as with total egg weight was reported from the Levantine Sea [52]. Moreover, in Thermaikos no
relationship between fecundity and CW with egg diameter was found whereas Graham [115] found
an inverse relationship between fecundity and egg diameter and that CW and egg diameter were
positively correlated. In the present study no difference was found for egg diameter among months
whereas [115] found no difference between brood classes and egg diameter.

Management Implications

In the native areas such as in the mid and south Atlantic Bight the blue crab is highly exploited
and among common strategies for management of its fishery are measures to protect the spawning
stock of mature females, which have been employed in the Chesapeake Bay (Chesapeake Bay
Program, 1997) and in the North Carolina (NCDMEF, 2004)[48]. More specifically, spawning
sanctuaries have been established and regulations have been implemented across Chesapeake Bay to
prohibit the catch of female blue crabs during egg-bearing stages of the reproductive cycle [71] due
to significant spawning stock-recruitment relationship [71,79,118,119].In Virginia, the winter dredge
fishery, which mostly harvested females from the spawning grounds prior to the spawning season,
was closed; the historic spawning sanctuary was expanded to protect 50% of the spawning stock and
the harvest of females with dark egg clutches, which hatch within days, was prohibited [30,103] In
Maryland, access to the female fishery was restricted and female daily catch limits were lowered
(Chesapeake Bay Stock Assessment Committee, 2023)

On the contrary, in the Mediterranean where the invasive blue crab has developed nowadays
thriving populations throughout the Basin its impacts on the structure and function of the diverse
coastal habitats of the Basin remains up today largely unknown whereas significant negative
socioeconomic impacts have been reported. Only recently the Commission (2022) has initiated the
preparation of a risk assessment for Callinectes sapidus, which is required before considering whether
to add it as an invasive alien species (IAS) of Union concern. Moreover, a research program has been
developed by the General Fisheries Commission for the Mediterranean (GFCM) to understand what
the best solutions are to manage and mitigate the impacts of this species in the Mediterranean. As
rates of marine bioinvasions continue to increase and eradication of marine invasive species has been
achieved in rare cases, characterized by early detection and rapid response in restricted areas (e.g
[120] pressure will increase on marine managers to reduce the impacts of invaders, and on scientists
to provide control options [39,121]. A major question is, therefore, how to distribute treatment efforts
cost-effectively across space and time to prevent or slow the spread of invasive species [122].
Giakoumi et al. [41] proposed 11 management actions for the control of invasive species; the
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physically (mechanically) remove of the species, at early stages, however, of the species establishment
is proposed among others as the first action that has to be taken.

However, for more than a decade the blue crab has begun a valuable resource for the
Mediterranean artisanal fishery from the northern Aegean Sea in the east to Tunisia in the west and
from Egypt in the south to the north Adriatic. Thus, commercial fisheries of local importance have
been developed throughout the Basin and the blue crab is intensively exploited as no legislation rules
are imposed for its fishery at least in the southern European countries. Therefore, for a considerable
time a discussion on the policy that the EE and southern European countries should follow for the
management of the fishery of this invasive portunid crab either towards maintenance of sustainable
fisheries or eradication and population size control, is still in progress. Specifically, the management
of the fishery of the blue crab should require temporal and/or spatial management measures and
actions to be implemented either for the protection of the recruitment and spawning stock (e.g.,
season and area closures) or an intense fishery targeting on the spawning stock aiming to reduce
reproductive output and recruitment, minimizing thus the population size, respectively [64].
However, the implementation of any of the above management policies require a good knowledge
of the complex life cycle and reproductive strategy of the blue crab. Nevertheless, Mediterranean
countries should gain the knowledge of how to control population outbreaks of the species especially
when these produce a significant risk for socioeconomical activities, e.g., fisheries and aquaculture
production on a local scale, as to mitigate or to minimize its impacts. Thus, the knowledge of the
critical life history stage of spawning of the blue crab and especially the spatiotemporal and
bathymetrical distribution of ovigerous females in every invaded coastal area (lagoon, estuaries,
bays, etc), as to intervene through management measures and actions to control and probably
drastically minimize their number is a prerequisite.

Under the above perspective the present study provides a key knowledge for the
implementation of management measures and actions aimed to control population size and
outbreaks of the blue crab, by targeting on the spawning stock. These measures will be based on the
critical information acquired on spatiotemporal and bathymetrical distribution of ovigerous females
in Thermaikos Gulf which can be used as a “case study’. The intensity and the time the actions needed
to be conducted depend on the magnitude of the population outbreaks, the type of habitat and the
effectiveness of the fishing gears. Especially, in Thermaikos Gulf the two-year survey of the
reproductive biology of the blue crab confirmed the short migratory movements of mature and
ovigerous females from estuarine areas and inshore waters of low depth to slightly deeper inshore
waters for spawning. Thus, spatiotemporal distribution showed that 88% of all ovigerous were found
in July and August along the shoreline from Axios estuary to Methoni Bay with 61%of ovigerous
found at a depth gradient of 3 m and with a sex ratio 1:2 (¢/?). Thus, management measures towards
minimization of the population size of the blue crab could be a selective intense fishing of ovigerous
females exclusively in July and August that it would be critical as to reduce the spawners before being
able to reproduce. These measures could be accomplished with the use of suitable fishing gears (i.e.,
fyke nets or crab pots (Luisiana type) without a bait, deployed at the depth gradient of 3 m along the
shoreline from Methoni Bay in the west to Axios Delta to the east in the inner Thermaikos Gulf. As
recruitment — size of spawning stock relationship has been documented e.g., [71,79] ultimately the
above measures will affect recruitment that will end up on a significant reduction of the spawning
stock and the minimization of the size of the blue crab population in Thermaikos Gulf.

However, as the blue crab is commercially an important resource it is expected that its
populations will remain in the future under intense fishery exploitation throughout the
Mediterranean Basin. The remarkable viability of its populations against intense fishery exploitation
through time is believed to be due to the peculiar biological characteristics of the species (e.g multiple
spawning and high fecundity, omnivory feeding strategy, very few predators) enhanced by the
climate change and the consequent increased of the sea surface temperature in the Mediterranean
providing higher survival rates during overwintering. Furthermore, since until now no thorough
research has been conducted that elucidates the blue crab impact on the various coastal ecosystems of the
Basin it is more probable that the proposal of the sustainable exploitation of the blue crab will be
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advanced by the EE and the Mediterranean countries. This policy will however inevitably propose
temporal and spatial measures for the protection of the blue crab population and its spawning stock.
Nevertheless, this policy will not be probably applicable in every country, as each one of them
encounters a different degree of risk against the blue crab, especially in regions where significant
ecological reserves, fishery or aquaculture industry is developed. Thus, these countries will be forced
to restrain the population outbreaks and/or control blue crabs populations size through
implementation of management measures/actions targeting on spawning stock through intense
fishery.
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