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Abstract: Animal population abundance is a significant parameter for studies on invasive species
that can threaten the ecosystem. Researchers have been developing population estimation methods
since the 18th century, in order to evaluate species’ evolution and environmental effects. However,
studies on the population density of the invasive species Callinectes sapidus are very limited. The
present work, using a simulation model combined with field measurements, examines an innovative
methodology for estimating the current population of the invasive species Callinectes sapidus in a
shallow Mediterranean coastal lagoon. The methodology presented here builds the first stage of
modeling and predicting the evolution of this species’ population in marine environments. The
simulation model’s results are validated with an estimation of the total population based on juvenile
abundance, and a curvature of the species population estimation based on cage catch is implemented.
The simulation experiments presented here show the possibility of a robust prediction for blue crab
population estimation.
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1. Introduction

Animal population evolution is critical for studies on invasive species that can threaten
the ecosystem’s balance. Knowledge of species population densities is highly important to
evaluate its evolution and effect on the ecosystem as well as to take proper measurements
to prevent negative effects on other species. In terms of the commercial exploitation of
a species, continuous knowledge of its population density is very significant in order to
balance fishing rates and maintain the population density at certain levels (Even in the
case of an invasive species, the local authorities may want to keep its density to a certain
level for exploitation if found that it does not harm the local ecosystem). Therefore, it is
important to continue to reinforce actions studying species dynamics, which could only
begin by estimating the current population density of the species.

1.1. Animal Population Estimation Methods

Population estimation methods date back to the 18th century and are still evolving.
The methods are categorized into direct sampling and indirect sampling methods. Direct
sampling methods involve the counting of individuals, while indirect sampling methods
involve the use of animal signs as indices of an individual’s presence, used for estimating
animal density [1].

Some direct methods include drive counts [2–5], road counts, field strip counts [6–8],
aerial counts [9,10], water hole counts [11], and line transects [12–15]. However, the flaw of
these methods is that they are considered invasive for both the local vegetation and animal
individuals and are subject to several assumptions [3,5,12,14,16–21].
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When direct sampling methods are inaccurate due to the behavior of individuals
and habitat preferences, indirect sampling methods are used. The main indirect sampling
methods are pellet (dung) counts [2,3,7,12], track counts [4,5,13], and territorial marking
(scrapes or rubs) counts [5]. Differences in habitat use, mobility, and defecation rates are
some of the sources of uncertainties regarding the use of pellet counts [22]. Track and
trackway counts can only be used as an indicator of animal presence and are not useful for
population estimation [5].

Acoustic methods have been developed for estimating fish abundance [23–30]. Acous-
tic methods are suitable for large (and difficult to sample) areas such as underwater or dense
forests. An issue with echo-sounding is the standardization of readings for converting
relative densities to absolute densities. Difficulties also arise to evaluate species of fish from
echo-sounding readings and the accuracy of the estimates for animal densities is affected
by foraging sounds (sounds from different species or other sources tangled up with the
studied species) and the sound level emitted by individuals (as differences in the decibel
readings might indicate different species but this is not always clear) [31].

The removal method assumes constant sighting probabilities by observers in the field.
Thus, the method is vulnerable to the heterogeneity of sighting between different observers
and locations [32]. Removal models have also been proven to be biased when sample sizes
are low [33].

The Lincoln–Petersen Model is one of the oldest models that date back to Laplace [34]
and was first used for fisheries and wildlife estimations by Lincoln [35], White [36]. The as-
sumptions of this model are that no individuals are added to or deleted from the population,
all individuals have the same probability of getting caught and all marks are detected [37].
The Jolly–Seber model [38–40] is subject to the same assumptions as the Petersen model and
assumes that marked individuals have the same probability of survival until the following
sampling time as non-marked individuals.

Mark-recapture estimates of animal density have been proven unbiased but imprecise,
and their performance drops at high or low animal densities [41]. Distance sampling meth-
ods (group of methods, which estimate the absolute density of a population based on the
observer to animal distance [42]) were unbiased (with assumptions) but also imprecise [41].
Non-invasive genetic mark-recapture methods were highly biased compared to camera
trap mark-recapture methods [43] (and expensive [44]). Additionally, the processing of the
data (genetic samples or photo evaluation) is time-consuming [45].

Camera traps have been used combined with mark-recapture methods to estimate
animal abundance from photographs and videos of recognizable species [46–48]. The rec-
ognizability of animal species is very significant, because otherwise the estimation occurs
with the use of relative abundance methods, which have been criticized as biased and
imprecise [49]. Nevertheless, depending on the area and animal population, these methods
can be very expensive.

One of the latest methods developed for estimating animal densities is the random
encounter model (REM) [50]. The REM’s assumptions are that animal movement is random
and independent of each other and uses a constant speed (or distance travelled in 24 h) for
animal movement detected by camera traps [51]. The disadvantages of this method are
intensive labor and high costs in the field as well as the difficulty in estimating the daily
travel distance of individual animals. Thus, only a few studies have been conducted using
the REM model [52–60]. Therefore, a more efficient approach is highly needed.

An improvement to the RE model is the random encounter and staying time model
(REST) described by Nakashima et al. [61]. Based on the REM model, REST uses video-
recording cameras to estimate the staying time of animals within an area and uses them to
estimate the animal movement speed without animal individual recognition. The authors
used random walk movements to evaluate the model’s performance. However, there
are four crucial assumptions associated with the REST model. These assumptions are
that camera traps detect all individuals within an area and these individual species are
identified, camera traps do not alter the movement or behavior of animals, the population
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density is constant during the survey, and camera traps are randomly placed within the
area of a certain population. This new model has been recently used in ungulate density
estimations [62]. Nevertheless, to account for its feasibility and applicability more studies
are required [63].

1.2. Challenges in Estimating Population Abundance in Aquatic Environments

All the aforementioned methods in estimating species abundance can be applied in all
kinds of terrestrial environments from deserts to dense forests. However, when the studied
species thrive in aquatic environments, evaluating their abundance can be more complex.
More specifically, many methods rely on aerial and ground surveys as well as measurements
using cameras. This is not always easy underwater, as the turbidity of the water can affect
its clarity resulting in the identification and count of species being biased (multiple counts
of the same individuals) and/or impossible due to the heterogeneity of sight ability in
the measurements [32]. Another issue with underwater measurements is that catchability
may vary for a lot of reasons (e.g., gear saturation) and this is not always detected as traps
and nets cannot be seen from a distance without removing them from the study site [64].
Moreover, one of the greatest differences between terrestrial and aquatic species is that in
the aquatic environment, most species move in three dimensions. Thus, remote detectors
(often used in mark-recapture studies) need to adapt to different monitoring setups and
use capture-frequency data [65]. All these emerging difficulties in studying aquatic species
render the selected methods time-consuming and very expensive [66].

1.3. The Invasive Species Callinectes sapidus

Callinectes sapidus Rathbun (1896), also known as “blue crab”, is a native species of
the east coast of the American continent from Canada to Argentina [67–69]. Blue crabs
spend their lives in marine and brackish environments near the coast, with a preference
for lagoons and estuaries [70]. This preference is due to the environmental conditions and
food abundance that assist juveniles to grow [70,71]. The species are considered valuable
for local communities in terms of commercial exploitation [72].

In the 1900s, the species made its first appearance on the Atlantic coast of France
[73], and its transport from the west to east coasts of the Atlantic Ocean was probably
caused by ballast water discharges [68]. Since it reached the French coast, the species
expanded its populations and regions, invading the Mediterranean Sea and reaching as
far as the Aegean Sea in only 30 years [74]. Especially on the French Mediterranean coasts,
the species is known to have invaded several coastal lagoons [75], causing significant
disturbances to professional fishing activities and is also considered an environmental
threat [76]. The species, which is considered one of the most successful invaders in the
Mediterranean Sea, has also been recorded in freshwater environments such as lake Volvi,
located in northern Greece, with at least 10 km distance from the sea upstream of the
Rihios River [77]. Since the late 2000s, the species Callinectes sapidus has inhabited Antinioti
lagoon as well as several areas of western Greece [78,79]. According to local fishermen,
at first, the species was treated as a potential threat to fish stocks, but the local population
introduced the species to the local cuisine and it is now being commercially exploited.
Although the species is now considered well-established in Antinioti lagoon, its exploitation
occurs with no control and this might affect its population densities in the near future.
Additionally, in areas where the species has not yet been well established, knowledge of the
species’ abundance would be useful to take actions to either restrict its expansion (if it is
harmful to the local ecosystem) or facilitate it (if it is not harmful to the local ecosystem and
presents economic importance). All these management plans require proper knowledge
of the species density. However, studies on population abundances of species in confined
environments in the Mediterranean Sea are very limited [80].
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1.4. Overview and Scope of the Study

Current animal population estimation methods are subject to a number of limitations
and disadvantages concerning high costs, time-consuming sampling methods, inaccuracy
of results, multiple counting of the same individuals, human errors, and inability to be
utilized in an aquatic environment, among others. This work utilizes the random walk
theory, which is a growing field of applied mathematics with ecological applications, proven
to be useful for modeling animal movements [81]. The advantages of the combination of a
random walk algorithm with field measurements in the proposed approach are the low
cost of the study, the immediate results, and the accuracy of the model’s results.

The present study builds a simulation platform, modelling the spatial diffusion of the
invasive species Callinectes sapidus (blue crab) as a random walk using a coastal lagoon as a
testbed for applying the simulation model. The innovative methodology examined here
combines a simulation model with field measurements to estimate the population density
of blue crabs in Antinioti lagoon. The model’s results are validated using an alternative
approach for estimating species population density based on juvenile abundance. This
methodology will serve as a new tool for estimating the total populations of blue crabs in
confined marine environments.

2. Materials and Methods

The description of the methodology examined in this work follows the ODD (overview,
design concepts, details) protocol for describing ecological models [82,83].

2.1. Study Site

Antinioti is a shallow coastal lagoon (Figure 1) located on the northeast coast of Corfu
Island in West Greece. Seawater inputs from a narrow inlet that connects the lagoon with
the sea and freshwater from a stream, an underground spring, and rainfall determine the
water properties of this confined environment. The lagoon is of high economic and ecologic
importance being the habitat of many marine mammals, fish, birds, reptiles, etc. Local
fishermen exploit the lagoon as a natural aquaculture for fish for at least the past three
decades [84,85].

Figure 1. (a) The location of Corfu Island on the map of Greece is shown in a red rectangle. (b) The
location of Antinioti lagoon on the map of Corfu Island is shown in a red rectangle. (c) The coastline
of the lagoon is marked with white color. Images from: Google Maps, 2017 [Accessed 12 August 2022].
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2.2. Purpose

The purpose of the proposed methodology is the indirect estimation of the total popu-
lation of the Callinectes sapidus species (blue crab) in confined environments by combining
computational modeling with field measurements. The methodology is tested in Antinioti
lagoon, Western Greece. More specifically, the present study addresses the question: What
is the total population of blue crabs in Antinioti lagoon? This will allow for the creation of
a new tool for estimating species abundance in environments where traditional methods
fail in terms of precision and accuracy.

2.3. Entities, State Variables, and Scales

The proposed methodology is a combination of field measurements and simulation
modeling. Therefore, the authors divide the methodology’s entities into two subcategories,
the field measurements and the simulation model.

2.3.1. Field Measurements

The field measurement entities are the crab cages and time. In collaboration with
local fishermen who exploit the lagoon, 25 crab cages were laid in different locations on
the main body of the lagoon (the area expanding from the north to the south coast and
from station 3 to station 24). The cages are coated with Polyvinyl Chloride (PVC) wire that
does not rust covering an iron frame, and the net’s mesh size is 1 cm and the volume is
0.07 m3. Two oval holes exist in the middle of each side with dimensions of approximately
15 cm wide and 10 cm high. In the middle of each cage, a chicken leg was placed as bait.
The cages were dropped and left in the lagoon for 24 h and then they were picked up,
emptied, and counted. We selected to sample 5 times (5 days) in mid-June during the high
activity of blue crabs in Antinioti lagoon. However, the fishermen use crab cages over the
whole year and we have used insights from their catch to detect activity periods and chose
these days as the most active within the year in Antinioti lagoon.

2.3.2. Simulation Model

The simulation model’s entities are the model’s grid, average blue crab length, average
blue crab movement, time step, and simulation time. The model’s grid was created
assuming that the main body of the lagoon (area between stations 1-5-11-24 Figure 2) will
contain the greatest number of crab individuals (which was discussed by the fishermen and
later verified by the net tows). The model’s grid has a horizontal resolution of 1000 m and
a vertical resolution of 150 m. This configuration was based on the approximate distance
between the north–south and east–west shores on the main body of the lagoon. However,
to account for the average crab length (0.2 m from field measurements), the grid was
divided by 0.2 to create a grid where each cell has the dimensions to contain one individual.
Therefore, the grid’s dimensions are 5000 × 750. The time of the simulation is 24 h (as
long as the cages were laid in the lagoon) divided into time steps of 100 s. All the model’s
entities are static.
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Figure 2. The bathymetry of Antinioti lagoon and the location of the sampling stations.

2.4. Process Overview and Scheduling

This methodology’s processes involve field measurements and simulation modeling
separately. The simulation model is developed to reproduce the blue crabs’ mobility in the
Antinioti lagoon as it was occurring while the cages were laid in the lagoon. The simulation
model’s processes are processed in the given order (Figures 3 and 4).

Figure 3. Flow chart of the methodology for blue crab population estimation.
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Figure 4. Flow chart of the simulation model’s processes.

Following the random walk theory, hypothetical initial population densities with
randomly placed cells start creating a stochastic path by successfully completing random
steps in finite time in the selected grid (Figure 5). Each cell (representing one blue crab
individual in Antinioti lagoon) will travel a random (in both length and direction) distance
(per time step of 100 s) averaging 12 m/h according to the referenced mobility rate for
blue crabs [86]. Each cell’s path cannot exceed the dimensions provided, keeping all crabs
moving around randomly within the lagoon. The simulated movement in this confined
domain is bounded by physical barriers (coastline) that act as reflecting barriers, forcing
individuals to turn around and move in the opposite direction. Each path that crosses
one of the 25 selected areas with dimensions 1 × 1 m (5 × 5 grid cells) is recorded and
each time that these locations are crossed, it corresponds to one crab caught in the cage.
The simulation ran for 24 h as long as the cages were laid in the lagoon. Each cell that
is captured inside the area of a hypothetical cage is deleted from the dataset to avoid
recapturing it. Each simulation ran 1000 times to estimate the mean capturing performance
of the cages for the time selected.
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Figure 5. An individual’s path within one iteration of 24 h for time steps of 100 s.

The methodology’s total process is the following. Firstly, a hypothetical initial popula-
tion estimate is inserted in the simulation model as explained above. The second and third
step is performing the simulation and determining the simulation’s outcome. The outcome
of the simulation is the average population value per cage for the time of the simulation.
The fourth step of the methodology is a comparison between the simulation’s result with
the average population value per cage as estimated from the field measurements. Matching
the simulation’s result to the number of individuals caught in real cages in the field will
render us able to estimate the total blue crab population in the lagoon at the present time.
If the compared values do not match, a fifth step involves multiple trials by changing the
hypothetical initial population estimate and running steps 1–4 again until a match succeeds
(Figure 3).

Governing Equations of Simulation Model

The mathematical code for the simulation model was created in Matlab R2021a (The
Mathworks Inc., Natick, MA, USA) and included the following governing equations:

Pij = {Pi, Pj} (1)

where P is the position of each individual and i, j denote the axis direction.

Pij ⇒

Pi+1 = Pi + Vi, where D
tstep

6 Vi 6
D
t .

Pj+1 = Pj + Vj, where D
tstep

6 Vj 6
D
t .

(2)

where V is a stochastic spatial movement in the i, j direction, D is the average movement of
individuals, and tstep is the time step of each iteration.
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2.5. Design Concepts
2.5.1. Basic Principles

The proposed methodology addresses a classic issue in ecological dynamics known
as the estimation of animal density. The literature concerning this issue is extensive with
several different methods applied in different species around the globe, being subject to
several limitations and disadvantages, as explained in the introduction section. The present
work differs from traditional methods for animal density estimation, as it combines mathe-
matical modeling with field measurements to estimate the population abundance and then
validates the results using an alternative approach based on the species’ juveniles.

2.5.2. Emergence

The methodology’s result emerges from the comparison of the simulation model and
the field measurements’ average population per cage. The field measurements’ results
emerge from the distribution of blue crabs in Antinioti lagoon and their attraction to bait
while near a cage. The simulation model’s results emerge from the detection of virtual
cages in the stochastic paths of cells representing individual blue crabs in a defined grid.

2.5.3. Adaptation

The only adaptive behavior concerning the proposed methodology is the movement
of individuals, which is subject to certain limitations. Depending on the species and envi-
ronment, movements can be influenced by “signals” such as chemical substances, light,
temperature, and odor, among others [81,87]. These signals can attract or repel individuals
and add a directional bias to their movement. Moreover, the environment may also play a
role in how individuals will respond to such signals by possibly creating concentration gra-
dients in their behavior, considering that most environments exhibit complicated barriers
and terrain that will affect animal behavior and speed [81,88]. However, the above scenarios
can be predicted and the possible bias can be investigated and taken into account, if there is
a basic knowledge of the scattering of individuals on different time steps. In order to investi-
gate the scattering of individuals and their abundance, and account for the above scenarios,
field measurements provided data on the number of individuals sampled per sampling
effort. The differences in the daily catch per cage were +/- 1 individuals, without noticing
any significant differences between cages of the same sampling day, which proves that
the population is well established, scattered, and sampled. Furthermore, the methodology
uses a random walk algorithm to simulate the movement of individuals in the defined area.
Although this simulation model could be subject to several environmental and behavioral
factors (bottom habitat, depth inclinations, predation, etc) influencing the results, similar to
the above assumption, the cage’s daily catch differences prove that the simulation’s results
are not significantly biased by any of these factors. This is because individuals are equally
sampled by all cages without showing a preference for a specific region of the sampled area.

2.6. Prediction

In the simulation model, the criteria for counting and deleting from the simulation
each cell that reaches the area of a cage is based on the implicit prediction that, in reality,
blue crabs that reach a cage will keep moving on its frame until they find an access point to
reach the bait and therefore will definitely be trapped.

2.6.1. Sensing

Individual blue crabs are assumed to be able to sense the presence of food inside the
cages when they reach the cage’s frame.

2.6.2. Interaction

The model includes no interaction among individual blue crabs.
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2.6.3. Stochasticity

Stochasticity is used in the initialization of the simulation model where a hypothetical
initial number of individuals are randomly placed within the grid’s area. This stochastic
process allows for variability in the density of individual blue crabs at the entire extent
of the grid. The stochasticity element is also being implemented in the movement of
individuals, where both the speed and direction for each step are randomly selected from a
database of possible spatial movements. This process is also stochastic in order to avoid
unnecessary complexity in each individual’s movement.

2.6.4. Collectives

The model did not include any collectives.

2.6.5. Observation

The proposed methodology’s purpose was to estimate the total population of blue
crabs in Antinioti lagoon by combining field measurements with simulation modeling.
The key output observed from the field measurements was the average individual count
per cage. The result observed from the simulation model was the average individual count
per cage that was generated for each hypothetical initial population estimate.

2.7. Initialization

The initialization of the proposed methodology is applied to the species Callinectes sapidus
of Antinioti lagoon, but can be easily applied to other species as well. However, this
will require modifications regarding the field measurements and the simulation model’s
parameters, depending on the species and the study area’s properties.

Simulation Model

At initialization, the state of the model at t = 0 is an environment consisting of a grid
where each cell has the dimensions of the average individual’s length and therefore can
contain only one individual and a hypothetical number of individuals randomly placed in
cells within the grid. A data set of random movements in the i,j direction is also created
based on the referenced mobility rate of individuals. Within the grid, a number of selected
areas matching the number of cages that were used in the field measurements are created,
with dimensions based on the actual dimensions of the real cages.

2.8. Input Data

The model does not use input data to represent time-varying processes involving
environmental parameters and physical forcing.

2.9. Validation Method
Field Measurements—Juveniles

Monthly plankton net tows occurred in the lagoon from June 2020 to June 2021 (day
tows). Night tows occurred in September, December, March 2020, and June 2021 covering
all areas of the lagoon. Day sampling occurred at stations 1 and 12 (vertical tows) and at a
range between stations 4–5, 6–8, 16–18, 20–22 (horizontal tows), shown in Figure 1, while
night sampling occurred at the same stations with the addition of a vertical tow at station
16 and two horizontal tows between stations 9–12 and 24–27. The samples were collected
with a plankton net with a mesh size of 53 µm having a diameter of 15 cm opening and
1 m in length. The collected samples were immobilized and preserved with 4% buffered
formaldehyde solution filling 10% of the bottle for each sample to facilitate the counting
process. Organisms were then counted and identified within counting chambers under
a Leica S6E Stereo Microscope. Species identification was made with reference to a key
determination of zooplankton species.
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The filtered volume for each tow was obtained by calculating

Vol = h ∗ π ∗ r2 (3)

where Vol is the sample volume, r the net opening radius distance, and h the tow distance.

2.10. Assumptions/Limitations

The proposed methodology is a combination of field measurements and simulation
processes that are subjected to a couple of assumptions/limitations. The methodology does
not take into account possible cannibalistic effects in the blue crab population and inside
the cages (we have found no signs to suggest that cannibalism has occurred inside the
cages). Additionally, there are the factors of the cage saturation, i.e., the possibility of a
crab cage being filled with crabs and not being able to sustain more inputs; the fact that
bigger cages could sustain greater numbers of individuals (nevertheless, the cage’s size
is one of the model’s parameters); and the possibility of other marine organisms feeding
on the bait (e.g., fish). Moreover, the initial population of blue crabs in the simulation
experiments is considered to be equally distributed across the lagoon’s studied area, blue
crabs are expected to move constantly, and the simulated individuals are expected to be
100% captured when they encounter one of the cages.

3. Results
3.1. Field Measurements—Cages

The fishermen’s cage catch showed a differentiation during the May–October period,
with a high number of individuals showing high activity in terms of crab mobility and
the October–May period with at least one order of magnitude fewer individuals captured
in the cages. During the first period (and our sampling dates), 13 individuals was the
average daily catch per cage in Antinioti lagoon, with actual counts ranging between 12
and 14 individuals per cage, while in the months of the second period, this catch was set to
fewer than 1 individual per cage per day.

Simulation Model

The model runs for 1000 iterations starting with different initial populations (N)
(Figures 6 and 7). As the initial population is augmented, so is the average individu-
als/cage/24 h, as seen in Figure 8. The average captured individuals per cage that matched
the field measurements result (13 ind/cage/24 h) were reached for an initial population of
73,000 individuals, with the standard deviation being 0.71 and 949/1000 iterations being
between the +/- 1 individual/cage (Figure 7).

Figure 6. Randomly placed 73,000 individual cells in the selected grid (750 × 5000) at time = 0.
The grid represents Antinioti lagoon’s main area between stations 1,5,11,24.
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Figure 7. Simulation model’s results after 1000 iterations for different hypothesized initial populations.

Figure 8. Correlation curvature of simulation model’s results after 1000 iterations for different
hypothesized initial populations.

3.2. Juveniles Samples

Identification of zooplankton species from the net tows under the microscope revealed
the presence of blue crab juveniles in June 2020 (day) and June 2021 (day and night) but not
during the rest of the year. The number of individuals was small during the day sampling
with estimates of 3 ind/m3 both in June 2020 and June 2021 day, but a significant rise is
observed during the June 2021 night sampling. The resulting abundance is 51 Ind/m3 for
the main body of the lagoon, with more than 95% of the captured juveniles accounted for
in this area.

3.3. Sensitivity

In order to test the simulation model’s sensitivity to the hypothesized initial population
and the average number of individuals per cage per 24 h, we estimated the sample variance
of the model’s results for the different initial populations using the following equation:

σ2 =
∑(Xi − µ)2

n
(4)

where σ2 is the sample variance, Xi are the individual data values, µ is the average of the
individual data values, and n is the total number of data values. The variance depends
on the Xi and µ, and as expected, it tends to grow, with a linear relation to the value of
the average, apart from the interval (65,000, 73,000) where the variance remains constant
(Figures 8 and 9). As seen in Figure 7, Xi covers similar values between 65,000 and 73,000,
and as a result of that, the variance also remains similar within these two initial populations
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(Figure 9). Hence, the model tends to have a greater error margin as the hypothesized initial
population grows. The correlation between the variance and µ is statistically significant
with r = 0.98 and p = 0.0015 (Pearson correlation).

Figure 9. Variance of simulation model’s results for different hypothesized initial populations.

4. Discussion

The initial population density of a species is the most important parameter when
studying its evolution, threats, exploitation, and effect on the environment. Hence, the first
step for any study of a species should be the estimation of its initial population. Here,
the authors examine an innovative methodology for estimating the population abundance
of the invasive species Callinectes sapidus in a confined environment. The methodology
combines field measurements and the application of a simulation model based on a random
walk process. Hypothesizing various potential initial populations, the authors were able
to estimate the initial population producing similar results in the simulation model to the
results from the field measurements.

4.1. Applicability of Proposed Methodology in Confined Environments

The proposed methodology is capable of estimating the population abundance of the
invasive species in confined environments (such as Antinioti lagoon) for the following
reasons. Firstly, in confined environments, individuals are forced to mobilize in a defined
area surrounded by natural barriers, and therefore, the crab cages’ catch will be represen-
tative of the total population of individuals. This correlation between crab cages’ catch
and the total population is one of the most significant legitimacies of such an application.
In the case of an open environment, the cages’ catch could include individuals that just
pass from that region and do not reside there, leading to great uncertainties in the model’s
results. Secondly, the validation of the model’s result is based on the abundance of juveniles
representing the adult population. Again, in the case of an open environment, sampling of
blue crab juveniles would be subject to several variables (such as sea currents, predation,
climate conditions, wave activity, habitat selection, depth variations, etc.) influencing the
juvenile abundance. Instead, in a confined environment, the juvenile’s abundance can
represent the adult population with higher precision. Lastly, the proposed approach utilizes
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a random walk algorithm to simulate the movement of individual blue crabs in Antinioti
lagoon. Applying this algorithm requires a number of biological parameters (found in the
literature) and a great understanding of the applied area’s characteristics. The advantages
of confined environments in the application of the random walk algorithm are the enclosed
character (natural barriers), the similar bottom habitat (sand and seagrass in the case of
Antinioti lagoon), and the small depth variations (0.5–1 m in the case of Antinioti lagoon)
without significant inclinations in the bottom.

4.2. Blue Crab Activity Periods in Antinioti lagoon

Due to the high numbers of blue crabs caught in the crab cages and the juvenile
abundance, the species is considered to be well established in Antinioti lagoon [89]. Blue
crabs experience two different phases, in terms of activity, in Antinioti lagoon. The cages’
results indicate that there are two periods with great differences in the average catch of each
cage. The May–October period is considered the high-activity period where individuals
move more frequently and the October–May is the inactive period where individuals
tend to move as little as possible. The difference between the two periods is linked to the
temperature and salinity decrease that naturally occurs during the autumn and winter
months [90–92]. Due to its shallowness, the lagoon is directly affected by atmospheric
forcing [84], and climate conditions seem to be responsible for these two activity phases.

4.3. Factors Influencing the Validation Method

Each female blue crab can produce approximately 9 million eggs annually [86]. Due to
predators, fungus infections, temperature, and salinity variations, only 1 individual per mil-
lion eggs will survive to become an adult [93,94]. Thus, we assume that every nine juveniles
sampled in the lagoon correspond to one mature blue crab in the current population.

Diel vertical migration of zooplankton is the phenomenon where zooplankton organ-
isms migrate from the deep water (in the sea) and from the bottom of shallow environments
(Antinioti lagoon) to the surface to feed on plankton when most predators are absent [95].
At night, juvenile blue crabs, which are part of the lagoon’s zooplankton, will migrate
to the surface which is the reason for the big difference between the June 2021 day and
night samplings.

In order to make a rough estimate of the total population of blue crabs in Antinioti
lagoon, we use the data from the night sampling since they provide a more realistic view
of the actual total number of juveniles. The main body of the lagoon has the dimensions
used for the model’s grid. The sampling depth is the diameter of the plankton net, which is
0.1 m. Therefore, the total number of juveniles in the main body of the lagoon is integrated
from the catch of the net tows and the authors find it to be 765,000 individuals. However,
every 9 of these individuals correspond to 1 female adult, so we divide the total number
of juvenile individuals by 9 and get an estimate of the lagoon’s mature blue crabs of
approximately 85,000.

While the values between the result of the simulation model and the juveniles’ study
do not match exactly, the comparison shows that both results are in the same order of mag-
nitude with the juveniles’ study showing a slightly greater value (≈16%). This difference
may be due to the presence of blue crab populations outside Antinioti lagoon. While the
lagoon’s connection to the sea is closed with a fence to prevent population exchanges for
larger than 0.1 cm individuals (fish, crab, etc), young juveniles with sizes of only a few
µm may enter the lagoon. Therefore, since lagoons are among the finest environments
for juveniles to inhabit (protection from predators, food availability, etc.) [96], the authors
believe that juveniles from blue crab populations outside the lagoon have entered and
positively biased the juvenile study result.

4.4. Limitations of the Juvenile Approach

An assumption regarding the validation method and the juvenile approach is being
made. The assumption is that the sampled juvenile individuals are representative of the
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total population of blue crabs. This assumption is being met considering that the blue
crab population is bounded within Antinioti lagoon due to local fishermen’s activities
and therefore cannot spawn in a different region. Additionally, juvenile samples showed
that blue crab spawn occurs only once yearly, so it is not possible to overestimate the
juvenile abundance by mixing individuals from different spawns.

Considering that juvenile blue crab abundances have been used to validate the simu-
lation model’s results, several factors that may be influencing blue crab juveniles until they
reach maturity are discussed. Juvenile blue crabs that grow in a coastal estuary undergo a
period of 1–2 years until they become adults [97]. Therefore, there is no possibility of having
measured an individual blue crab in both the juvenile and crab-trap field measurements
over the course of this study.

Blue crab juveniles use several types of bottom habitats as nursery areas to stay
and grow until they reach maturity [70]. These areas provide protection from predators
(such as adult blue crabs [98–101]) and abundant food resources [102–105]. The sediment
type of the bottom habitat does not affect the juveniles’ survival [91], while the shallow-
ness of the environment can enhance their survival rates [106,107]. Fungus infections
(Lagenidinium callinectes) and worms have been proven to be hazardous for the survival
of blue crab eggs and juveniles [108,109]. However, fungi and worms only tolerate low
salinity, and due to the generally high salinity encountered in Antinioti lagoon throughout
most of the year, the authors do not consider these threats an issue for this study. Bauer
and Miller [91] tested the effect of low temperatures and salinity on the survival rates of
juvenile blue crabs over the period of 4 months. Their results showed that the survival
rates drop significantly only if a combination of temperatures lower than 5 ◦C and salinity
of 10 P.S.U. are met. In the case of Antinioti lagoon, field measurements of temperature and
salinity over the course of a year showed that temperature varies between 9 and 29 ◦C and
salinity varies between 10 and 32 P.S.U. with the lowest values lasting less than a period of
2 months. Therefore, temperature and salinity cannot significantly affect the mortality rates
of juvenile blue crabs.

4.5. Implications of Proposed Methodology

The proposed methodology was proven capable of a robust prediction of the blue crab
population density in Antinioti lagoon. The estimation of the current population of blue
crabs is the first step for modelling the species’ evolution, which will follow in the near
future. Applying this methodology to blue crab populations in confined environments will
render the local authorities and fishermen that exploit the study area capable of managing
their populations. This could lead to actions to preserve the population and maintain a
sustainable blue crab fishery or even initiate actions for the elimination of the invasive
species where it is negatively affecting the environment. This is highly important since mon-
itoring the blue crab population using a time-efficient and low-cost approach can render
the authorities able to respond quickly to potential population explosions, effectively moni-
toring the invasive species population and determining the effects of climate change on
this ecosystem (blue crabs can act as indicators of environmental change), and they can use
this methodology as a decision-making tool for managing and protecting the biodiversity
of the local ecosystem. Moreover, the fishermen may want to preserve the invasive species
in order to economically exploit it as a seafood product. This can lead to potential hazards
for the local environment as without proper monitoring of its populations a population
outburst could lead to negative effects for the lagoon’s rich biodiversity and potential con-
flicts with environmental organizations and the local authorities. Nevertheless, the authors
believe that the novel methodology presented here exhibits benefits that could easily lead
it to be adopted by the local fishermen, such as the small costs, the fast results, and the easy
applicability. Additionally, the methodology is not limited to blue crabs. Following certain
changes regarding the biological characteristics of the species under study and its habitat,
the methodology could be applied to other invasive, endangered or common endemic
species according to the need for research. In terms of the methodology’s limitations,
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the most significant ones are the cage saturation, the equal distribution of individual blue
crabs at the initialization of the simulation experiments, the assumption of the constant
movement of blue crabs, and the 100% expectation that blue crabs that encounter a cage
will be captured. Considering the cage saturation, the fishermen never had issues with the
selected cage sizes, and in our field measurements, the cages were never full in order to
suggest that no more individuals could be captured and the results are probably biased.
However, in areas with greater numbers of individuals, the possibility of cage saturation
should be examined. The equal distribution of individuals was selected after getting the
cages’ results (cages exhibited equal average trappabilities) and considering the fact that
the bottom and depth of the lagoon are similar in the whole extent of the simulated region
(Figure 2). Nevertheless, we expect that this factor may vary in other study sites and the
location of cages and the distribution of individuals in the simulation’s setup should occur
under careful consideration and sampling tests. The constant movement of blue crabs was
decided as one of the stochastic parameters in our model (random selection of distance
covered). Nevertheless, it is not always true as individual blue crabs choose randomly
one value for their movement which can also be zero. Additionally, this is the peak of the
active period for blue crabs and we expect to exhibit high mobility. Lastly, we decided that
during the simulation, individuals that reach the area of a crab cage will be considered
captured. This is because blue crabs rely on chemoreceptors to smell their food and find
their way toward it [110]. Hence, in Antinioti, due to the small distance between the cage’s
periphery and the bait (≤0.5 m), we expect that the species’ individuals have smelled the
bait and try to find a way closer to it, which eventually leads to getting captured. However,
the feeding behavior of crustaceans can be affected by several factors which should be
discussed. Lobster species are commonly known to rely on their chemoreceptors to search
for food. Studies have shown that once the location/direction of a potential food source
is discovered, lobsters will immediately be oriented toward it [111]. Nonetheless, their
feeding performance (e.g., movement speed, managing the prey, etc.) can be decreased
by the potential deafferentation of their sensors and the turbulence of the water [112,113].
Moreover, studies on the green crab (Carcinus maenas) have shown that there is a significant
seasonality effect affecting the appetite and feeding responses of male and female crabs,
especially during the reproductive season in order to reduce the cannibalistic tendency of
the species [114,115]. Additionally, climatic changes in the environmental conditions (such
as global warming, CO2 concentrations, turbidity, acidification, etc.) have been shown to
influence the foraging and feeding behavior of various crab species [116,117]. In terms of
blue crabs, the species are known to quickly run toward the discovered odor plume and
when the concentration of the odor exceeds a specific threshold at the chemoreceptors,
they tend to move toward the direction of the flow [118,119]. Blue crabs usually reject prey
that uses ink for protection but manipulate it longer than normal even when they sense
the ink in it [120] and are also known to try to remove deterrent chemicals from food by
peeling away the surface layers [121]. Blue crabs reduce foraging activity in the presence
of odors that indicate the presence of predators, as shown in field [122] and laboratory
experiments [123]. Nevertheless, studies have shown that even when blue crabs end up
rejecting a food source, they will spend a lot of time manipulating the piece of food and will
definitely find a way close to it and bite it [119,120]. Although the authors feel confident
about the assumption that blue crabs that reach the area of the cage will be captured,
future research is required to evaluate the aforementioned parameters and determine their
effect on the cage’s trappability. Furthermore, research on the factors affecting the simula-
tion model’s curvature (space, food availability, hydrological properties, etc.) and animal
interactions is considered essential to the authors to understand the species population
saturation factor and apply this curvature (Figure 8) to other marine environments.

4.6. Adaptation to Large-Scale Areas

In addition, the proposed methodology can be used to predict the population of the
species in areas of greater scale than the one the present study was implemented in. In order



J. Mar. Sci. Eng. 2023, 11, 1282 17 of 22

for that to be possible: (1). One would have to: partition the larger space into smaller
connected or disconnected segments. (2). Each smaller segment must be broken into its
own grid, considering any possible physical barriers present in each segment. (3). Each
segment must have similar conditions in the entirety of its area which would allow the
researcher to use different parameters in the random walks, corresponding to the unique
conditions of each segment. (4). There must be data available for the initial population
estimate for each one of the segments (e.g., field sampling). (5). Each segment must be
occupied by the same subspecies. (6). Possible population movement between segments
must be considered. Finally, the subspecies population of all the segments can be added
and a general or local population density can be estimated by taking into account the results
of the model for each segment. Additionally, in order to correctly apply the methodology
to estimate the population of different subspecies, a different model must be made for each
subspecies and a different segmentation so that unique parameters can be defined for each
run of the model (e.g., biological characteristics of the subspecies); otherwise, the results
will not be correct.

4.7. Future Research

The main finding of the methodology presented here is the robust prediction of the
population of an invasive species (blue crab) using a low-cost, time-effective, and easily
applicable novel approach that combines field measurements and numerical simulations.
Given the economic importance of the blue crab species that thrives in Antinioti lagoon,
but also the potential hazards for the marine coastal ecosystems that blue crabs settle
in, it is highly significant to monitor the blue crab population and manage the fishery
sustainability. This can occur by assessing the stock status annually and by setting fishing
policies. However, although well established, this species is known to effectively harm other
valuable seafood products (fish, mollusks, etc.) in the regions it colonizes. Therefore, we
need an effective evaluation of the species density fluctuations in the future, based on data
available at the present time, in order to determine a decision-making tool that will render
the local authorities able to protect and exploit the ecosystem by taking proper actions.

Furthermore, the continuous exploitation of the blue crabs’ stocks can facilitate popu-
lation explosions as the removal of adult individuals reduces the cannibalistic effect among
blue crabs and decreases the effectivity of one of the most important predators for blue
crab juveniles [124]. Additionally, this may have an important effect on the social hierarchy,
feeding response, and maturing behavior of juvenile crabs, as seen in other crustaceans
[125]. Although this study only took place over the course of a year and exhibited no
significant changes in the juveniles’ abundance, the monitoring of adult and juveniles
population evolution for the next years is critical to assess the effect of the exploitation of
blue crabs and the potential effect on the model’s parameters.

Additionally, previous studies in Antinioti lagoon and the NE Ionian Sea have shown
that microplastic pollution is a very significant threat to the marine biodiversity of these
coastal areas [126–128]. Due to the high abundance of marine microplastic particles in
Antinioti lagoon and the economic exploitation of the blue crab species, we need to evaluate
the potential ingestion of particles through the consumption of food within the lagoon by
juvenile blue crabs and the potential health risks for the local population that has included
the invasive species in the local cuisine.
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