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Preface

Small-scale and data-limited fisheries, often overlooked in global fisheries discussions, are
crucial to the livelihoods of millions worldwide. These fisheries, characterized by their limited scale,
reliance on local knowledge, and a lack of comprehensive biological and ecological information,
face numerous challenges, including overfishing, climate change, habitat degradation, and market
fluctuations. Their unique characteristics also pose significant management challenges.

To ensure the sustainability of these valuable fisheries resources, effective diagnosis and
management strategies are essential. This Special Issue aims to provide an overview of the key
issues facing small-scale and data-limited fisheries and to offer practical solutions. By examining case
studies from diverse regions, we hope to provide practical guidance for researchers, policymakers,
and fisheries managers, and equip them with the tools and knowledge needed to address these
complex issues. The chapters delve into a range of methodologies that can be applied to promote
sustainable resource use and address the unique challenges posed by these fisheries.

We extend our sincere gratitude to all authors and reviewers who contributed to this Special
Issue, generously sharing their expertise and insights. We also acknowledge the exceptional support
and cooperation of the Managing Editors, Ms. Joyce Chen and Ms. Carola Wang, and the staff of
Fishes. Their dedication and professionalism were invaluable in bringing this project to fruition.

This reprint is intended to serve as a valuable reference resource for students, fisheries
researchers, analysts, policymakers, and managers. We hope it will fulfill its intended purpose of
providing insights into the challenges and opportunities associated with small-scale and data-limited

fisheries.

Mohamed Samy-Kamal and Célia M. Teixeira
Guest Editors
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Historically, small-scale fisheries (SSFs) have largely been overlooked by fisheries
scientists and management authorities at national and international levels. This disregard
stems from a misperception and undervaluation of the socio-economic significance of
SSFs’ contributions to society’s well-being. Although SSFs are sometimes disregarded or
marginalized due to their poor economic value, they are essential for employment and may
be economically valuable for locals. SSFs are estimated to be responsible for more than
half of all landings globally, provide food security for millions of people worldwide, and
employ more than 90% of all wild-catch fishers. SSFs are typically multi-gear and multi-
species, play an important role in maintaining household and community livelihoods, and
contribute considerably to the local and international trading of seafood products. This lack
of attention has meant fewer resources assigned for data collection and the assessment of
their stocks, especially for those stocks with relatively low commercial value. For this reason,
most of the world’s fish stocks are considered data limited. This also compromises the
decision-making process and the implementation of adequate management measures and
regulations when managers must make decisions in the absence of data and/or adequate
scientific advice.

Many people associate the term SSFs with relatively small, traditional fishing boats
equipped with low-technical gear and labor-intensive fishing methods. SSFs are especially
difficult to define due to the usage of multiple criteria to describe them and the reusability
of terminologies, such as small-scale fisheries, artisanal fisheries, subsistence fisheries, and
traditional fisheries. Because of the considerable diversity of SSFs across the world, it is
difficult to construct a widely agreed definition. The Food and Agricultural Organization
(FAO) has defined small-scale or artisanal fisheries as “traditional fisheries involving fishing
households (as opposed to commercial companies), using relatively small amount of capital
and energy, relatively small fishing vessels (if any), making short fishing trips, close to
shore, mainly for local consumption. In practice, the definition varies between countries,
e.g., from gleaning or a one-man canoe in poor developing countries, to more than 20-m
trawlers, seiners, or long-liners in developed ones. Artisanal fisheries can be subsistence or
commercial fisheries, providing for local consumption or export”.

In 2015, the FAO also created the “Voluntary Guidelines for Securing Sustainable
Small-Scale Fisheries” (hence referred to as the “SSF Guidelines”) to raise awareness of SSFs
and encourage states to fund projects for their sustainability [1]. In the SSF Guidelines, with
an emphasis on disaggregated data that make SSF more visible to decision-makers, the FAO
urges states to improve (or establish) data collection programs for SSFs. Section #11.1 of the
guidelines makes the most explicit request for disaggregated data: “States [i.e., Nations]
should establish systems of collecting fisheries data, including bioecological, social, cultural
and economic data relevant for decision-making on sustainable management of small-
scale fisheries with a view to ensuring sustainability of ecosystems, including fish stocks,
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in a transparent manner. Efforts should be made to also produce gender-disaggregated
data in official statistics, as well as data allowing for an improved understanding and
visibility of the importance of small-scale fisheries and its different components, including
socioeconomic aspects”.

The challenges and threats that face SSFs are rarely attributable to a single cause or
problem. For example, international organizations, such as the FAO, routinely collect data
on fisheries landings at the national level and aggregate that data at regional and global
levels. However, in many cases (developing countries), there is frequently no distinc-
tion between landings from SSFs and larger-scale commercial ventures. The sustainable
management of stocks is severely challenged by the insufficient catch, survey, and other
biological data available for most worldwide fish stocks, making it difficult to estimate
current abundance and productivity using traditional stock assessment methods. In de-
veloped countries, between 10% and 50% of fish stocks are subject to assessment, while
in developing countries, this percentage often runs between 5% and 20%. The fact that
SSFs mostly operate in developing countries, where there are few protective measures in
place and/or insufficient enforcement of any existing restrictions, also highlights other
ecological issues such as bycatch of non-target species. Due to the inherent characteristics
of SSFs, such as diffuse effort, far and many landing sites, and marginalization, the bycatch
rates are often difficult to estimate. In addition, the conventional fisheries assessment
approaches created for large-scale fisheries do not serve as an appropriate basis for the
management of SSFs because they assume a comparatively simple relationship between the
productive capacity of the resource and the extractive capacity of fishing fleets. Therefore,
a management strategy based on benchmarks and reference points, such as the Maximum
Sustainable Yield (MSY), is meaningless in the absence of data on the fleet structure, fish
abundance, fishing mortality, and regulation.

To diagnose SSFs, one should evaluate the relative importance of various opportunities,
strengths, and threats by synthesizing the information already available on the fishery
system. These include ecological opportunities and threats that exist within the fishery
system (such as overexploitation and habitat loss), social and economic processes that exist
within the system (such as an excessive fishing effort/capacity, institutional capacity for
management and advice, and opportunities for livelihood diversification), as well as those
that originate from the outside environment. The diagnosis sets the boundaries of what
is feasible at that specific stage in the evolution of a fishery and provides a picture of the
history and potential of the fishery. It is important to note that a diagnosis is not, in the
conventional sense, a quick evaluation of the stock status that results in management advice.

Recently, scientific attention to SSFs and data-limited fisheries has been increasing, as
evidenced by a remarkable increase in peer-reviewed papers regarding this topic in the
last decade. Here, we list some examples of the studies that have analyzed the important
issues affecting SSFs such as, among other things, adaptation pathways, adaptive capacity,
and the impacts of climate change on SSFs [2-5], estimating the fishing effort of SSFs [6],
market-based management and market weaknesses and opportunities for SSFs [7,8], recon-
struction of historical fishing effort and catch per unit effort (CPUE) for SSFs [9], extinction
risk, reconstructed catches and management for chondrichthyan in SSF [10], reducing
the impacts of SSFs on marine megafauna [11], evaluating the ecosystem impacts of gear
regulations in SSFs [12], the capacity of SSFs to provide food security [13], insights into
Illegal, Unreported and Unregulated (IUU) fishing activities in SSFs [14], an assessment
of the factors that influence the willingness of small-scale fishers to adopt property rights
co-management options [15], an assessment of the MSY and related indicators for the main
target species stocks [16], and the identification and forecast of potential fishing grounds
for the main target species [17]. As the impact of climate change on SSFs is a critical issue,
Salgueiro-Otero et al. [2] relied on a social-ecological network and sociodemographic data
collected via face-to-face interviews with 404 small-scale commercial fishers from nine
Galician communities (Spain), to empirically examine the adaptation pathways that fishers
follow when they face hypothetical impacts on their fishery resources and test the role of
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five social-ecological network structures on fisher’s stated intended responses to such sce-
narios. To estimate the fishing effort of SSFs, Behivoke et al. [6] monitored the movements
of a sample of 31 traditional sailing fishing boats at around 45 s time intervals using small
GPS trackers. A total of 306 daily tracks were recorded among five gear types (beach seine,
mosquito trawl net, gillnet, handline, and speargun). To ground-truth the GPS location
data, fishers’ behavior was simultaneously recorded by a single onboard observer for
49 tracks. Typical, gear-specific track patterns were observed. Their findings showed that
boat tracking combined with onboard observation would improve the reliability of spatial
fishing effort indicators in SSFs and contribute to more efficient management. Additionally,
Zeller et al. [9] reconstructed and investigated trends in the fishing effort and CPUE of
SSFs in four Exclusive Economic Zones (EEZ) that constitute the Mozambique Channel, i.e.,
Union of Comoros, Madagascar, Mayotte, and Mozambique, from 1950 to 2016. The results
indicate that the increased motorization combined with substantial growth in the overall
vessel numbers were the drivers of the increasing fishing effort and decreasing CPUE and
clearly suggest that continuing to increase the fishing capacity of SSF in the absence of
effective and restrictive management actions may exacerbate overexploitation risk. Reduc-
ing fisheries” impacts on marine megafauna is particularly challenging in SSFs; for this
reason, Booth et al. [11] presented a novel combination of methods—scenario interviews
with contingent valuation (CV)—for exploring and designing locally appropriate payments
for ecosystem services (PES) schemes; and apply these methods to investigate how different
types of incentives might influence fisher behavior and mortality of critically endangered
taxa in two case study SSF in Indonesia. In addition, in the lack of time series to estimate
the predator—prey interactions (vulnerabilities) using Ecosystem models, such as Ecopath
with Ecosim (EwE), Rehren et al. [12] explored available approaches for estimating the
vulnerabilities to simulate the effects of a dragnet prohibition with and without reallocation
of fishing effort. The results suggest that banning dragnets would be beneficial for the
fishing community, judged by the increase in biomass of functional groups and fishers’
profits, but not if dragnet fishers were to continue fishing in the bay by reallocating to
other gears, indicated by the reduced fish biomass and fishers’ profits. As for food security,
Canty and Deichmann [13] evaluated long-term trends of marine SSF-landed catches in
85 Developing Economy Countries (DECs), and analyzed whether the yields of SSFs have
the capacity to provide the coastal populations of DECs with a recommended annual intake
(RAI) of 10.6 kg of fish per person, and how that capacity has changed over the period of
1960 to 2016. The results of the study demonstrated that landed catches of SSF alone are
not a useful proxy for food security.

In the middle of all these efforts to find genuine, viable solutions to fisheries issues, it
is evident that information concerning SSFs is still relatively scarce. The literature covers
relatively little quantitative information on SSFs compared to large-scale fisheries. Except
for the most recent efforts to gather information about SSFs through projects such as Too big
to be ignored (http://toobigtoignore.net/ tbti-contribution-to-ssf-knowledge/, accessed on
10 December 2022), much less has been undertaken to address the lack of comprehensive
and systematic data on SSFs. Far less so is the analysis of gaps and challenges encountered
in the assessment and management of SSFs, as well as an understanding of how SSFs are
assessed and managed.

This Special Issue aims to provide new insights and empirical knowledge and collect
original and high-quality manuscripts related to all aspects of small-scale and data-limited
fisheries, such as the activity of SSF; an assessment of the effectiveness of management strate-
gies; IUU fishing; management measures, regulations, policies, and strategies; monitoring
programs; stock assessments; the sustainable development of fisheries; the sustainable
exploitation of resources.
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Abstract: The assessment of fish stocks is often limited by a lack of comprehensive data. Therefore,
catch-based methods are increasingly being used because of the availability of more catch data.
However, catch-based models may perform differently for species with different traits and fishing
histories. In this study, we investigated the performance of catch-based models for species with
different life history traits, fishing histories, and under different length selections. We compared
simulated biomass with estimated stock status from three widely used catch-based models (Catch-
MSY model [CMSY]; catch-only model-sampling importance resampling model [COM-SIR]; state-
space catch-only model [SSCOM]) under three fishing history scenarios (constant, increasing then
decreasing, and continuously increasing fishing mortality) and three length selectivity scenarios
(no selectivity, preferring smaller individuals, preferring larger individuals). Our results showed
that CMSY performed the best, particularly when fishing mortality remained constant. Catch-based
models performed better for opportunistic species that had larger individuals selected for fishing
and equilibrium species that had smaller individuals selected. However, the models tended to
overestimate stock status when fishing mortality continued to increase. Therefore, caution should be
exercised when applying catch-based methods to data-poor stocks with diverse life history traits,
fishing history, and those sensitive to selective fishing.

Keywords: catch-based model; selective fishing; stock synthesis; data-poor fisheries; diverse life
history traits

Key Contribution: This study provided the first evaluation on how fishing selectivity affects the
performance of catch-based data-limited models for species with different life history traits and
fishing dynamics, using simulated size-structured populations.

1. Introduction

Assessing stock status is a critical step for sound fishery management; however, the ma-
jority of fish stocks remain unassessed because of data limitations [1]. While there is increas-
ing attention on the sustainable use of fishery resources, only 20% of the global catch comes
from assessed stocks [2]. In other words, there is insufficient information and/or capacity to
assess the status of most commercially exploited species. Costello et al. (2012) [3] indicated
that 64% of unassessed fisheries may be exploited stocks whose biomass (B) is below the
level of the maximum sustainable yield (Bmsy), and that 18% of the unassessed stocks are
considered to be collapsed (i.e., B/Bmsy < 0.2). While most of the unassessed fisheries
were in developing countries and were small-scale fisheries [4], simple and cost-effective
assessment methods are urgently needed to assess the stock status of these fisheries [5].
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Data-limited assessment models (DLMs) have been developed to provide alternative
assessment methods for species with limited data. Depending on the information required
by the models, the DLMs can be broadly divided into length-based and catch-based models.
Both types of methods have been used to estimate the stock status of species and to develop
feasible fishery management. Examples of applying DLMs in stock assessment range from
developed countries to developing countries [6-9]. Zhou et al. (2017) [7] even pointed out
that DLMs can provide estimates similar to comprehensive stock assessments.

The catch-based models mainly rely on catch data to estimate stock status and other
reference points for fishery management. Catch data are often the most available data for
data-poor stocks, and can therefore be used as important information on stock status. For
example, catch has been found to be correlated with biomass at the maximum sustainable
yield (Bmsy) [3,7]. Catch data have also been used to estimate the depletion rates in
population dynamics [10-12]. However, it has been argued that catch is not only correlated
with population abundance, but can be affected by factors such as fishing effort [13],
catchability [14,15], selectivity [16], and fishery management [14]. Therefore, these effects
should be carefully considered when applying catch-based models [15].

Catch-based models may perform differently under different fishing conditions or for
species with different life history traits. However, few studies have systematically analyzed
the effects of life history traits and fishing mortality history on the performance of catch-
based models. Hilborn et al. (2020) [4] showed that there can be complicated interactions
between species biomass, fishing mortality, and catches. Carruthers et al. (2012) [17] used
two catch-based models [18,19] to assess categorical stock status (e.g., developing or fully
exploited), and found that the models had different classification biases for stock status
under different effort trend assumptions. Free et al. (2020) [17] showed that the catch-based
models had different biases under different exploitation rates and for species with different
traits. However, while some studies have investigated the effects of fishing history and life
history traits on the performance of catch-based models [8,17], the interactions between
fishing and the life history traits of a stock have not been explored.

Selective fishing causes the distribution of the length/age composition of the catch to
be skewed in a particular direction [20]. Selective fishing may occur for several reasons,
including: (1) fishing gear and method—the mesh or hook targets a specific size of individ-
uals or excludes smaller individuals; (2) fishing area and season—fishing may occur in a
specific area and during the feeding or spawning ground/season, resulting in catching a
specific size range of a population; (3) fishery management or the market—the government
or market encourages catching large individuals. Long-term and highly selective fishing
can the alter life history traits of a population [21], limit the reproductive potential of
the population [22], and increase population fluctuation [23]. Given that selectivity has
a profound effect on the stability of a population, it should be taken into account when
estimating stock status. Catch-based models usually only consider the total weight of the
catch and neglect the size/age structure of the catch. The impact of size or age selectivity
on the performance of catch-based models has not been thoroughly explored.

In this study, we aim to investigate how length-selective fishing and changes in
fishing mortality can affect the performance of catch-based models, considering species
with different life history traits. We simulated the stock dynamics in thirty-six different
scenarios, considering four types of life history strategies, three types of fishing trends,
and three types of length selectivity. Our systematic investigation of the drivers of the
performance of catch-based models will shed light on the application of DLMs for data-
limited stock assessment.

2. Materials and Methods
2.1. Operation Model for Simulating Population Dynamics and Catch Time Series

The operation model (OM) used in this study was an age-structured model with
deterministic processes considering survival rate, growth rate, maturity, fecundity, and
recruitment over a simulated time period [24]. The details on the population dynamics
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model can be found in Appendix A of Methot and Wetzel (2013) [25]. We tested various sets
of life history trait inputs to represent species with different life histories, then categorized
the species into four life strategists (see details in 2.2 Simulation scenarios). Parameters
of life history traits were collected from the literature for the representative species of
each group (Table S1). The distribution of the variation of recruitment was assumed to
be the same for all groups (a lognormal distribution with o was between 0 and 1). We
simulated a 100-year population dynamic time series with recruitment process errors. We
then calculated the total biomass (By) across all ages for each year, y, as follows:

A A
By =) oWay X Y} o Nay (1)

where A is the maximum age of the stock, w,,, is the mean weight of individuals at a certain
age, a, in a given year, y, while N, , is the number of fishes at a certain age (a) in a given
year (y).

After simulating the time series of the population’s biomass, we further produced the
time series of the catch using the Baranov catch equation (Methot et al., 2020) [26]:

F,S
_ yoa ~Zya
Cya = Nya X 7 (1 —e ) @)

where Cy, is the catch of an age class (4) in a year (y) Ny, is the biomass of the age class (a)
in the year (y), Fy is the fishing mortality in the year, y, S, is the selectivity of the age class
(a), Zya is the total mortality of the age class (a) in the year (y). We determined the fishing
selectivity (S) based on different selectivity scenarios (see Section 2.2 Scenarios).

The unit of the total biomass and the catch was metric tons. The operation model was
conducted using the “ss3sim” package [24] in R program (version 4.0.0) for 10 iterations,
then we calculated the mean and standard error of the simulated biomass for all iterations
for each year.

2.2. Simulation Scenarios

In this study, we simulated population dynamics for 36 scenarios, including combi-
nations of four life history strategies, three fishing history dynamics, and three fishing
selectivity types.

Firstly, we collected life history trait information for 42 species described in [27],
including length at 50% maturity, maximum length, growth coefficient, fecundity, egg size,
and maximum age (Table S1). The information was used to classify the different life history
trait strategies [27], as well as being used to construct the operation model for each species.
We followed [27], using principal component analysis (PCA) to classify the 42 species into
five strategy groups: the opportunistic strategy (OPP), equilibrium strategy (EQU), periodic
strategy (PER), salmonic strategy (SAL), and intermediate strategy (INT) (Figure S1). In
this study, to compare the life history strategists with more distinct traits, we excluded the
intermediate strategists. Eventually, 27 species were analyzed in this study (Table S1). After
constructing OM for species in each group, we compared the assessment results among the
four strategy groups.

To test the effects of fishing mortality (F) dynamics, we defined three scenarios to
reflect different fishing histories (Figure 1): (i) scenario F1, where fishing mortality was
constant at all times; (ii) scenario F2, where fishing mortality gradually increased and then
gradually decreased; (iii) scenario F3, where fishing mortality increased continuously. The
mean F over all tested years (100 years) was the same for all three scenarios (Figure 1).
However, the mean F was set differently for each of the life history trait groups. This is
because species with different life history traits can tolerate different levels of F before
being overfished. Therefore, to evaluate the performance of the data-limited assessment
models for populations of different statuses (from not overfished to overfished), we need to
consider the different magnitudes of fishing mortality for different life history trait groups.
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Random noise (v,;) was added from a normal distribution to the fishing mortality at each
time step:

F~ u(a, af,t>;af,t = Fypean x 0.1 3)

where Fyeqy is the mean fishing mortality for the whole fishing period, and F; is the fishing
mortality of a year, t.

— R
--R
- B3

Mean F
N
s

Year

Figure 1. The simulated fishing mortality dynamics of the three F scenarios (F1, F2, and F3): F1,
where fishing started in the 27th year and then remained constant (solid line); F2, where fishing
started in the 27th year, increased until the 64th year, and then decreased afterwards (dashed line); F3,
where fishing started in the 27th year and continuously increased (dotted line). Note that the mean
F was the same for the three scenarios for the same species, but that the mean F may be different
between species.

We also tested whether catches from selective fisheries affect the performance of
catch-based models. Since selective fishing is typically based on length rather than age in
practice, we simulated length selection in this study. In other words, we assumed that a
selection of length was equivalent to a selection of age for fishes [28]. We simulated three
different length selectivity scenarios (S). The first scenario, SO, represented a non-selective
fishery, where the chance of being caught was constant across all length classes. The
second scenario, S1, simulated a fishery where smaller individuals had a greater probability
of being caught. The third scenario, S2, represented a fishery where larger individuals
had a greater probability of being caught (see an example in Figure 2). We used the
method of double normal distribution with plateau to determine the probability of selecting
individuals in each length class. To determine the peaks of selectivity, we defined the length
with the highest selection probability for S1 (Sltep) and S2 (S24p) for each species using
the following rules: Sliop = Limin + (Lmax — Lmin)/9*3, S2top = Lmin + (Lmax — Lmin)/9%6,
where Ly, is the minimum length and Lax is the maximum length of a species (Table S1).
The Lyn is the length at ty of the von Bertalanffy growth function (VBGF) of the species,
collected from Fishbase. The selectivity was between 0 and 1, and the mean of S across all
lengths was set as identical for all three scenarios of each species.

Overall, there were nine scenarios of fishing conditions (3 F-scenarios x 3 S-scenarios)
for twenty-seven species belonging to four life history strategy groups.
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Figure 2. An example of the simulated three length selectivity scenarios (SO, S1, S2) for sablefish
(Anoplopoma fimbria). SO represents a non-selective fishery (orange); S1 is where smaller individuals
had a greater probability of being caught (yellow); S2 is where larger individuals had a greater
probability of being caught (green).

2.3. Catch-Based Models

For each species under each scenario, three catch-based assessment models were
applied to the simulated catch data to evaluate model performance. The catch-based
models used in this study include the Catch-MSY model [CMSY] [10], catch-only model-
sampling importance resampling model [COM-SIR] [11], and state-space catch-only model
[SSCOM] [12]. The parameters used in the catch-based models for each species were listed
in Table S1. The analyses were conducted by the “datalimited” package [29] in R program
(version 4.0.0).

The CMSY [10] required six types of input data, including catch time-series, re-
silience (r), natural mortality (M), carrying capacity (K), and the range of the depletion
rate for the first and the final year. We determined that the priors of r and K were from
uniform distributions, and we used the Bernoulli distribution as the likelihood function for
viable r—K pairs. To obtain enough pairs of the viable r-K combinations (those with which
the population would not collapse or be over the carrying capacity, as defined in [10]), we
assumed the maximum value of K as 100 times the maximum catch and the minimum
value of r as 0.05. The depletion rate was a default value that was derived from the catch
at year 0 and the last year divided by the maximum catch (following [10]). The same
prior settings of the range of r and K were also used for the COM-SIR and SSCOM, but
the prior distributions were assumed to be normal and lognormal in the COM-SIR and
SSCOM, respectively.

For the COM-SIR [11], we assumed the harvest rate as a logistic function that was
controlled by the parameters a (the bioeconomic equilibrium as a proportion of K) and x
(the intrinsic rate of effort change). We defined the prior probability distribution for each of
the parameters as a~U(0, 1) and x~U(0.000001, 1).

For the SSCOM [12], we defined the prior distribution for the model parameters also
as uniform distributions: a~U(0, 2) and x~U(0.01, 0.5). Since the SSCOM considers the
stochasticity of the population dynamics, effort dynamics, and catch efficiency using a
Bayesian state-space framework, we also defined the process errors of effort, biomass, and
catchability as of, op, 0g~U (0.01, 1).

2.4. Evaluating the Performance of the Catch-Based Models
In order to examine the performance of catch-based models in estimating stock status
under different fishing scenarios, we calculated the relative error (RE) between the model-
estimated and the simulated stock biomass (B) proportional to the Bmsy (BBmsy):
66

RE = -~ )
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where 0 is the estimated value from the catch-based model and 6 is the BBmsy value
calculated from the operating model.

3. Results
3.1. Simulation Outputs by Life History Traits and Fishing Strategy

The trends in simulated biomass varied among the F scenarios, life history trait
strategies, and S scenarios (Figure S2). In general, species biomass remained stable at
constant fishing mortality (F1) after a drop in the first year of fishing. In contrast, for
scenario F2, species biomass decreased with increasing fishing mortality and increased
with a time lag as fishing mortality decreased. In the scenario where the fishing mortality
increased continuously (F3), the species biomass continuously decreased.

The biomass of species with different life history trait strategies had different responses
to length selectivity (Figure S2). For the OPP strategists, fishing that favored larger individ-
uals (S2) generally resulted in higher species biomass. In contrast, for the EQU strategists,
a preference for smaller individuals (S1) resulted in a greater species biomass. For the SAL
and PER strategists, the biomass was not affected by length selectivity.

Catch changed positively with the level of fishing mortality, but often decreased
when the fishing mortality reached a certain level and did not increase again even when F
decreased in the F2 scenario (Figure 3). For all life history trait strategies, greater selectivity
for larger individuals (S2) resulted in higher catches than the scenario that favored smaller
individuals (S1) (Figure 3).
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Figure 3. The simulated catch time series (unit: Mt) of four life history strategy groups (OPP, EQU,
SAL, and PER) under three F scenarios (F1, upper panel; F2, middle panel; F3, bottom panel) and
three S scenarios (S0, orange; S1, yellow; S2, green). The line is the mean catch of all species of each
life history strategy, with the standard errors as the shaded areas.
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3.2. Evaluating the Performance of the Catch-Based Models

The relative errors between the catch-based model and the operational model outputs
were the smallest for CMSY (Figure 4). In addition, our results showed that the catch-based
models had different performances under different fishing selectivity, especially for the
OPP and EQU species (Figure 4). We found that for the OPP species, catch-based models
performed better (i.e., with a lower RE) under scenario S2, where fishing targeted the larger
individuals (Figure 4a). In contrast, for the EQU species, the catch-based models performed
better when fishing targeted the smaller individuals (scenario S1) (Figure 4b). REs were
generally not significantly different between the S scenarios for the SAL and PER species

(Figure 4c,d).
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Figure 4. The boxplots show the relative errors between the estimates of the catch-based models
and the simulated true BBmsy for (a) oppertunistic species (OPP), (b) equalibrium species (EQU),
(c) salmonic species (SAL), and (d) periodic speices (PER). The red star indicates the significant
difference between the scenario and SO.

When comparing them among scenarios with different fishing histories, our results
showed that the catch-based models generally performed the best under the F2 scenario
(increasing then decreasing fishing). However, the model estimates lagged in reflecting
biomass recovery when the fishing mortality was decreasing in the later part of F2 (Figure 5).
For the constant fishing mortality scenario (F1), the catch-based models performed better
for the OPP and SAL species compared to the EQU and PER species (Figure 5). In addition,
the REs of the CMSY remained stable throughout the time series for all life history strategies,
whereas the COM-SIR and SSCOM produced increasing REs for the OPP and SAL strategies
(Figure 5). For the continuously increasing fishing scenario (F3), the estimated BBmsy
values were increasingly over-estimated by the three catch-based models, while the biomass
actually decreased, resulting in an increasing RE over time (Figure 5). Overall, the CMSY
performed the best among the three models for all F scenarios.
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Figure 5. The relative errors from the 27th year to 100th year of the four life history strategy groups
(OPP, EQU, SAL, and PER) under the three F-scenarios (F1, F2, and F3). Red represents the REs
estimated from the CMSY; green represents theREs estimated from the COM-SIR; blue represents the
REs estimated from the SSCOM.

4. Discussion

We found that the CMSY performed the best for species with different life history
traits and under different fishing scenarios among the three commonly used catch-based
assessment methods. Such results support previous studies that suggest that CMSY esti-
mates deviate less from the true or assessed biomass status for the comprehensive models
than for many other data-limited models [8,30,31]. We also found that catch-based models
performed differently with respect to fishing selectivity, with different responses for species
with different life history traits. This is the first study examining the effects of selective
fishing on the performance of catch-based models. The catch-based models generally
had more stable performance at constant fishing mortality, as these models struggled to
reflect biomass recovery and overestimated stock status especially when fishing mortality
continued to increase. Our results have important implications for the use of catch-based
models in the assessment of data-poor fisheries, in particular highlighting the importance
of accounting for fishing selectivity and life history traits of species.

Our research indicates that the selective fishing of opportunistic and equilibrium
species can impact the performance of catch-based models. This suggests that when using
catch-based DLMs, the size and age structure of the stock should be taken into considera-
tion. We found that the three catch-based models performed better when fishing favored
larger individuals for opportunistic species and when it favored smaller individuals for
equilibrium species. For opportunistic strategists, the extraction of larger individuals would
be less damaging to the size structure of the population, given their high resilience [32].
The population under scenario S2 could therefore have had a higher biomass, which would
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result in a smaller difference in the optimistic estimate than that of catch-based models.
In contrast, for equilibrium strategists, the selection of larger individuals would have a
greater impact on the stability of the population biomass [23]. The stock status estimated
by catch-based models would therefore be overestimated.

Of the three catch-based models tested, the CMSY was found to perform best and to be
stable, although all three models showed increasing REs as the fishing mortality continued
to increase. Our finding that the CMSY had the best performance was consistent with that
of previous studies comparing the CMSY with many other data-limited models [8,30,31].
When the fishing mortality remained constant (scenario F1), the REs of the CMSY remained
the smallest and the most stable over the entire simulation period for all life history
strategies. In contrast, the COM-SIR and SSCOM produced increasing REs for the OPP
and SAL strategies. The stable errors between the years provided opportunities to apply
these methods in the stock assessment, as the bias could be easily corrected and interannual
comparisons could be made, as also demonstrated by Pons et al. (2020) [8]. In scenario F2
(where fishing mortality decreased after increasing), we found that only the CMSY could
detect biomass recovery for all life-history strategies. Our results support the assertion
that for the COM-SIR and SSCOM, the effort dynamics should be modelled separately
before and after the fishery management is involved [12]. In F3 (which had increasing
fishing mortality), the REs of the three catch-based models increased over time, indicating
that the catch-based models failed to capture the increasingly exploited state of the stocks.
However, we note that a prior study discovered that all catch-based models currently in
use encountered challenges when attempting to produce reliable outcomes that aligned
with traditional stock assessment methods, despite having access to extensive data [17].
This indicates that catch-based models should still be used with caution.

The differences in the performance of catch-based models for different types of life
history traits have been identified in our results. The results of our study support that
the life history traits of a species not only directly affect the predictability of catch-based
models [17,33], but that the traits also correspond to fishing selectivity in terms of the effect
on the performance of DLMs. Given the effects of life history traits, the choice of priors for
traits relevant to population growth rate and life span (e.g., r and K) would be critical in the
application of these models [10-12]. Martell and Froese (2013) [10] therefore suggested that
the best available knowledge should be used to decide the priors for r and K, including a
consideration of expert opinion and the use of meta-analysis to estimate these values [34].

We note that the assessment results of some catch-based models should be interpreted
with caution, as the assessed biomass may be highly correlated with the catch but not
with the true biomass dynamics. For example, in our results, the BBmsy estimated by the
SSCOM was more similar to the annual variation of catch than to the biomass. Thorson et al.
(2013) [12] also pointed out that the SSCOM is highly dependent on the catch time series.
Considering that catch data can be affected by many factors in addition to stock biomass,
such as market shifts and changes in fishing regulations, the trend of the catch time series
could deviate from the biomass [35,36]. We therefore recommend that catch-based models
should be applied more carefully to avoid mis-estimating stock status [37].

The development of data-limited methods should not prevent the government from
continuously collecting information for comprehensive assessments. Because catch-based
models are sensitive to fishing history and strategy [30], as our results showed, we recom-
mend that the history of changes in fishing efforts are considered based on expert opinion
or the literature when applying catch-based models. In addition, if the age/length com-
position of the population is sensitive to length-selective fishing, we should consider the
selectivity when applying catch-based models. In a data-limited situation, stock assessment
should ideally be carried out under separate fishery management and regulatory phases.
While the data-limited models could provide a rapid assessment for management decisions,
it should be noted that our use of these methods involved simple hypotheses and often
provided biased estimates of fishery status [17]. It is recommended that the management
bodies continue to monitor stock status to implement comprehensive fishery management
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under the regulation of the harvest control rule (HCR) and management strategy evaluation
(MSE) framework [31,38].

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ fishes8030130/5s1, Table S1, the life-history parameters used for
simulating the population dynamics of the 27 species in the four life history strategy groups [27,39-73];
Figure S1, the results of the cluster analysis of the 42 fish species in King & McFarlane (2003); Figure S2,
the time series of the simulated B/Bmsy of the four life history strategists (OPP, EQU, SAL, and PER)
in the three F scenarios (F1, F2, and F3) and three S scenarios (S0, S1, and S2).

Author Contributions: Conceptualization, T.-C.K.; methodology, T.-C.K. and C.-C.C.; validation,
T.-C.K,; formal analysis, C.-C.C.; investigation, C.-C.C.; resources, T.-C.K.; writing—original draft
preparation, C.-C.C.; writing—review and editing, T.-C.K. and N.-].S.; visualization, C.-C.C.; supervi-
sion, T.-C.K.; project administration, T.-C.K.; funding acquisition, T.-C.K. and N.-].S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science and Technology Council, Taiwan, with
the grant number MOST110-2636-B-019-001.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data available upon request.

Acknowledgments: This work was financially supported by National Science and Technology
Council in Taiwan, under Grant MOST110-2636-B-019-001. We also thank for the support from the
Intelligent Maritime Research Center, National Taiwan Ocean University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pilling, G.; Apostolaki, P; Science, P.F. Assessment and Management of Data-Poor Fisheries. In Advances in Fisheries Science: 50
Years on From Beverton and Holt; Payne, A.LL., Cotter, J., Potter, T., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2009.

2. Worm, B.; Barbier, E.B.; Beaumont, N.; Duffy, ].E.; Folke, C.; Halpern, B.S.; Jackson, J.B.C.; Lotze, H.K. Micheli, F;
Palumbi, S.R; et al. Impacts of Biodiversity Loss on Ocean Ecosystem Services. Science 2006, 314, 787-790. [CrossRef] [PubMed]

3.  Costello, C.; Ovando, D.; Hilborn, R.; Gaines, S.D.; Deschenes, O.; Lester, S.E. Status and Solutions for the World’s Unassessed
Fisheries. Science 2012, 338, 517-521. [CrossRef] [PubMed]

4. Hilborn, R.; Amoroso, R.O.; Anderson, C.M.; Baum, ].K; Branch, T.A.; Costello, C.; De Moor, C.L.; Faraj, A.; Hively, D.; Jensen,
O.P; et al. Effective Fisheries Management Instrumental in Improving Fish Stock Status. Proc. Natl. Acad. Sci. USA 2020, 117,
2218-2224. [CrossRef] [PubMed]

5. Pita, C,; Villasante, S.; Pascual-Fernandez, ].J]. Managing Small-Scale Fisheries under Data Poor Scenarios: Lessons from around
the World. Mar. Policy 2019, 101, 154-157. [CrossRef]

6.  Sagarese, S.R.; Rios, A.B.; Cass-Calay, S.L.; Cummings, N.J.; Bryan, M.D.; Stevens, M.H.; Harford, W.J.; McCarthy, K.J.; Matter,
V.M. Working towards a Framework for Stock Evaluations in Data-Limited Fisheries. N. Am. ]. Fish. Manag. 2018, 38, 507-537.
[CrossRef]

7. Zhou, S.; Punt, AE,; Ye, Y.; Ellis, N.; Dichmont, C.M.; Haddon, M.; Smith, D.C.; Smith, A.D. Estimating Stock Depletion Level
from Patterns of Catch History. Fish Fish. 2017, 18, 742-751. [CrossRef]

8. Pons, M.; Cope, ].M.; Kell, L.T. Comparing Performance of Catch-Based and Length-Based Stock Assessment Methods in
Data-Limited Fisheries. Can. . Fish. Aquat. Sci. 2020, 77, 1026-1037. [CrossRef]

9.  van Gemert, R;; Koemle, D.; Winkler, H.; Arlinghaus, R. Data-Poor Stock Assessment of Fish Stocks Co-Exploited by Commercial
and Recreational Fisheries: Applications to Pike Esox Lucius in the Western Baltic Sea. Fish. Manag. Ecol. 2022, 29, 16-28.
[CrossRef]

10. Martell, S.; Froese, R. A Simple Method for Estimating MSY from Catch and Resilience. Fish Fish. 2013, 14, 504-514. [CrossRef]

11. Vasconcellos, M.; Cochrane, K. Overview of World Status of Data-Limited Fisheries: Inferences from Landings Statistics. In
Fisheries Assessment and Management in Data-Limited Situations; Krus, G.H., Gall, V.E, Hay, D.E., Perry, RI., Peterman, R.M., Shirley,
T.C., Spencer, P.D., Wilson, B., Woodby, D., Eds.; Alaska Sea Grant, Univ.: Fairbanks, AK, USA, 2005; pp. 1-20.

12.  Thorson, ].T.; Minto, C.; Minte-Vera, C.V.; Kleisner, K.M.; Longo, C. A New Role for Effort Dynamics in the Theory of Harvested
Populations and Data-Poor Stock Assessment. Can. J. Fish. Aquat. Sci. 2013, 70, 1829-1844. [CrossRef]

13.  Harley, S.J.; Myers, R.A.; Dunn, A. Is Catch-per-Unit-Effort Proportional to Abundance? Can. ]. Fish. Aquat. Sci. 2001, 58,
1760-1772. [CrossRef]

14.  Macusi, E.D.; Morales, I.D.G.; Macusi, E.S.; Pancho, A.; Digal, L.N. Impact of Closed Fishing Season on Supply, Catch, Price and

the Fisheries Market Chain. Mar. Policy 2022, 138, 105008. [CrossRef]

14



Fishes 2023, 8, 130

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Langlois, T.J.; Newman, S.J.; Cappo, M.; Harvey, E.S.; Rome, B.M.; Skepper, C.L.; Wakefield, C.B. Length Selectivity of Commercial
Fish Traps Assessed from in Situ Comparisons with Stereo-Video: Is There Evidence of Sampling Bias? Fish. Res. 2015, 161,
145-155. [CrossRef]

Carruthers, T.R.; Walters, C.J.; McAllister, M.K. Evaluating Methods That Classify Fisheries Stock Status Using Only Fisheries
Catch Data. Fish. Res. 2012, 119-120, 66-79. [CrossRef]

Free, C.M,; Jensen, O.P; Anderson, S.C.; Gutierrez, N.L.; Kleisner, K.M.; Longo, C.; Minto, C.; Osio, G.C.; Walsh, J.C. Blood from a
Stone: Performance of Catch-Only Methods in Estimating Stock Biomass Status. Fish. Res. 2020, 223, 105452. [CrossRef]
Kleisner, K.; Pauly, D. Stock-Status Plots for Fisheries for Regional Seas. In The State of Biodiversity and Fisheries in Regional Seas,
Fisheries Centre Research Reports 19(3); Christensen, V., Lai, S., Palomares, M.L.D., Zeller, D., Pauly, D., Eds.; Fisheries Centre,
University of British Columbia: Vancouver, BC, Canada, 2011.

Froese, R.; Kesner-Reyes, K. Impact of Fishing on the Abundance of Marine Species; ICES: Copenhagen, Denmark, 2002.

Piet, G.J.; Rijnsdorp, A.D. Changes in the Demersal Fish Assemblage in the South-Eastern North Sea Following the Establishment
of a Protected Area (“Plaice Box”). ICES J. Mar. Sci. 1998, 55, 420-429. [CrossRef]

Fenberg, P.B.; Roy, K. Ecological and Evolutionary Consequences of Size-Selective Harvesting: How Much Do We Know? Mol.
Ecol. 2008, 17, 209-220. [CrossRef]

Birkeland, C.; Dayton, PX. The Importance in Fishery Management of Leaving the Big Ones. Trends Ecol. Evol. 2005, 20, 356-358.
[CrossRef]

Hsieh, C.H.; Reiss, C.S.; Hunter, J.R.; Beddington, ].R.; May, R M.; Sugihara, G. Fishing Elevates Variability in the Abundance of
Exploited Species. Nature 2006, 443, 859-862. [CrossRef]

Anderson, S.C.; Monnahan, C.C.; Johnson, K.F.; Ono, K.; Valero, J.L. Ss3sim: An R Package for Fisheries Stock Assessment
Simulation with Stock Synthesis. PLoS ONE 2014, 9, €92725. [CrossRef]

Methot, R.D.; Wetzel, C.R. Stock Synthesis: A Biological and Statistical Framework for Fish Stock Assessment and Fishery
Management. Fish. Res. 2013, 142, 86-99. [CrossRef]

Methot, R.D., Jr.; Wetzel, C.R.; Taylor, I.G.; Doering, K. Stock Synthesis User Manual Version 3.30.15. U.S. Department of Commerce,
NOAA Processed Report NMIFS-NWFSC-PR-2020-05; Northwest Fisheries Science Center: Seattle, WA, USA, 2020.

King, ].R.; McFarlane, G.A. Marine Fish Life History Strategies: Applications to Fishery Management. Fish. Manag. Ecol. 2003, 10,
249-264. [CrossRef]

Ricker, W.E. Handbook of Computations for Biological Statistics of Fish Populations. Bull. Fish. Res. Board Can. 1958, 119, 1-300.
Anderson, S.C.; Afflerbach, J.; Cooper, A.B.; Dickey-Collas, M.; Jensen, O.P.; Kleisner, K.M.; Longo, C.; Osio, G.C.; Ovando, D.;
Minte-Vera, C.; et al. Datalimited: Stock Assessment Methods for Data-Limited Fisheries. R Package Version 0.1.0. 2016. Available
online: https:/ /github.com/datalimited /datalimited (accessed on 17 February 2023).

Rosenberg, A.A.; Fogarty, M.J.; Cooper, A.B.; Dickey-Collas, M.; Fulton, E.A.; Gutiérrez, N.L.; Hyde, KJ.W.; Kleisner, K.M.;
Kristiansen, T.; Longo, C.; et al. Developing New Approaches to Global Stock Status Assessment and Fishery Production Potential
of the Seas. FAO Fish. Aquac. Circ. 2014, 1086, 175.

Walsh, J.C.; Minto, C.; Jardim, E.; Anderson, 5.C.; Jensen, O.P,; Afflerbach, J.; Dickey-Collas, M.; Kleisner, K.M.; Longo, C.; Osio,
G.C,; et al. Trade-Offs for Data-Limited Fisheries When Using Harvest Strategies Based on Catch-Only Models. Fish Fish. 2018, 19,
1130-1146. [CrossRef]

Juan-Jorda, M.J.; Mosqueira, L; Freire, J.; Dulvy, N.K. Population Declines of Tuna and Relatives Depend on Their Speed of Life.
Proc. R. Soc. B Biol. Sci. 2015, 282, 20150322. [CrossRef]

Rosenberg, A.A.; Kleisner, K.M.; Afflerbach, J.; Anderson, S.C.; Dickey-Collas, M.; Cooper, A.B.; Fogarty, M.].; Fulton, E.A_;
Gutiérrez, N.L.; Hyde, K.J.W.; et al. Applying a New Ensemble Approach to Estimating Stock Status of Marine Fisheries around
the World. Conserv. Lett. 2018, 11, €12363. [CrossRef]

Punt, A.E.; Hilborn, R. Bayesian Stock Assessment Methods in Fisheries-User’s Manual; Food and Agriculture Organization: Rome,
Italy, 2001.

Branch, T.A.; Jensen, O.P; Ricard, D.; Ye, Y.; Hilborn, R. Contrasting Global Trends in Marine Fishery Status Obtained from
Catches and from Stock Assessments. Conserv. Biol. 2011, 25, 777-786. [CrossRef]

Froese, R.; Zeller, D.; Kleisner, K.; Pauly, D. What Catch Data Can Tell Us about the Status of Global Fisheries. Mar. Biol. 2012, 159,
1283-1292. [CrossRef]

Hilborn, R.; Branch, T.A. Fisheries: Does Catch Reflect Abundance? Nature 2013, 494, 303-306.

Hordyk, A.R.; Loneragan, N.R.; Prince, ].D. An Evaluation of an Iterative Harvest Strategy for Data-Poor Fisheries Using the
Length-Based Spawning Potential Ratio Assessment Methodology. Fish. Res. 2015, 171, 20-32. [CrossRef]

Sassa, C.; Ohshimo, S.; Tanaka, H.; Tsukamoto, Y. Reproductive Biology of Benthosema Pterotum (Teleostei: Myctophidae) in the
Shelf Region of the East China Sea. ]. Mar. Biol. Assoc. U. K. 2014, 94, 423-433. [CrossRef]

Garcia Seoane, E. Ecology of the Glacier Lanternfish Benthosema Glaciale (Reinhardt,1837) with Focus on the Flemish Cap; University of
Vigo: Vigo, Spain, 2013.

Brand, E.J.; Kaplan, I.C.; Harvey, C.J.; Levin, P.S.; Fulton, E.A.; Hermann, A.J; Field, ].C. A Spatially Explicit Ecosystem Model of
the California Current’s Food Web and Oceanography. NOAA Tech. Menio. NMFS-NWFSC 2007, 84, 145.

Liang, Y.; Sui, X.; Chen, Y,; Jia, Y.; He, D. Life History Traits of the Chinese Minnow Rhynchocypris Oxycephalus in the Upper
Branch of Yangtze River, China. Zool. Stud. 2014, 53, 1-10. [CrossRef]

15



Fishes 2023, 8, 130

43.
44.

45.

46.

47.

48.
49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hay, D.E.; Mccarter, P.B. Status of the Eulachon (Thaleichthys pacificus) in Canada. Can. Stock Assess. Res. Doc. 2000, 92.

Nelson, G.A.; Ross, M.R. Biology and Population Changes of Northern Sand Lance (Ammodytes dubius) from the Gulf of Maine to
the Middle Atlantic Bight. J. Northwest Atl. Fish. Sci. 1991, 11, 11-27. [CrossRef]

Griffith, D.A.; Lo, N.C.H,; Jolla, L.; Griffith, D.A. Spawning Biomass of Pacific Sardine (Sardinops sagax), from 1994-2004 off
California. CalCOFI Rep 2005, 46.

Galindo-Cortes, G.; De Anda-Montafiez, ].A.; Arreguin-Sanchez, F;; Salas, S.; Balart, E.F. How Do Environmental Factors Affect
the Stock-Recruitment Relationship? The Case of the Pacific Sardine (Sardinops sagax) of the Northeastern Pacific Ocean. Fish. Res.
2010, 102, 173-183. [CrossRef]

Haist, V.; Stocker, M. Growth and Maturation of Pacific Herring (Clupea harengus pallasi) in the Strait of Georgia. Can. . Fish.
Aquat. Sci. 1985, 42, 138-146. [CrossRef]

Burd, A.C.; Howlett, G.J. Fecundity Studies on North Sea Herring. ICES |. Mar. Sci. 1974, 35, 107-120. [CrossRef]

Nash, R.D.M.; Dickey-Collas, M.; Kell, L.T. Stock and Recruitment in North Sea Herring (Clupea harengus); Compensation and
Depensation in the Population Dynamics. Fish. Res. 2009, 95, 88-97. [CrossRef]

Holden, M.]. The Fecundity of Raja clavata in British Waters. ICES |. Mar. Sci. 1975, 36, 110-118. [CrossRef]

Ebert, D.A_; Smith, W.D.; Cailliet, G.M. Reproductive Biology of Two Commercially Exploited Skates, Raja binoculata and R. rhina,
in the Western Gulf of Alaska. Fish. Res. 2008, 94, 48-57. [CrossRef]

Drew, M.; White, W.T.; Dharmadi; Harry, A.V.; Huveneers, C. Age, Growth and Maturity of the Pelagic thresher Alopias pelagicus
and the Scalloped hammerhead Sphyrna lewini. J. Fish Biol. 2015, 86, 333-354. [CrossRef] [PubMed]

Hsu, H.; Joung, S.J.; Lyu, G.T.; Liu, KM.; Huang, C.C. Age and Growth of the Blue Shark, Prionace glauca, in the Northwest Pacific.
In Proceedings of the Shark Working Group Workshop ISC/11/SHARKWG-2/, La Jolla, CA, USA, 28 November—-6 December
2011; p. 22.

King, J.R.; McPhie, R.P. Preliminary Age, Growth and Maturity Estimates of Spotted Ratfish (Hydrolagus colliei) in British Columbia.
Deep. Res. Part II Top. Stud. Oceanogr. 2015, 115, 55-63. [CrossRef]

Dutton, J.; Gioia, K.A. Fecundity and Embryonic Development of Spiny Dogfish in the Northwest Atlantic Ocean. Trans. Am. Fish.
Soc. 2019, 148, 48-57. [CrossRef]

Kwain, W.H. Spawning Behavior and Early Life History of Pink Salmon (Oncorhynchus gorbuscha) in the Great Lakes (Lake
superior). Can. |. Fish. Aquat. Sci. 1982, 39, 1353-1360. [CrossRef]

Godbout, L.; Fu, C.H,; Irvine, ].R. Evaluation of Chum Salmon Fishery Performance Using Ricker and Beverton-Holt Stock
Recruitment Approaches in a Bayesian Framework. Reconciling Fish. with Conserv. Vols I Ii 2008, 49, 1417-1433.

Beacham, T.D. Fecundity of Coho Salmon (Oncorhynchus kisutch) and Chum Salmon (Oncorhynchus keta) in the Northeast Pacific
Ocean. Can. |. Zool. 1982, 60, 1463-1469. [CrossRef]

Hartman, W.L.; Conkle, C.Y. Fecundity of Red Salmon at Brooks and Karluk Lakes, Alaska. Fish. Bull. Fish Wildl. Serv. 1960, 61,
53-60.

Kerns, J.A.; Rogers, M.W.; Bunnell, D.B.; Claramunt, R.M.; Collingsworth, P.D. Comparing Life History Characteristics of Lake
Michigan’s Naturalized and Stocked Chinook Salmon. N. Am. ]. Fish. Manag. 2016, 36, 1106-1118. [CrossRef]

Echeverria, T.W. Thirty-Four Species of California Rockfishes: Maturity and Seasonality of Reproduction. Fish. Bull. 1988, 85,
229-250.

Haigh, R.; Starr, P. A Review of Yellowmouth Rockfish Sebastes reedi along the Pacific Coast of Canada: Biology, Distribution, and
Abundance Trends. CSAS Res. Doc. 2008, 3848, 105.

Stanley, R.D.; Kronlund, A.R. Life History Characteristics for Silvergray Rockfish (Sebastes brevispinis) in British Columbia Waters
and the Implications for Stock Assessment and Management. Fish. Bull. 2005, 103, 670-684.

Conrath, C.L.; Knoth, B. Reproductive Biology of Pacific Ocean Perch in the Gulf of Alaska. Mar. Coast. Fish. 2013, 5, 21-27.
[CrossRef]

Love, M.S.; Morris, P.; McCrae, M.; Colins, R. Life History Aspects of 19 Rockfish Species (Scorpaenidae: Sebastes) from the
Southern California Bight. NOAA Tech. Rep. NMFS 87 1990.

Beyer, S.G.; Sogard, S.M.; Harvey, C.J.; Field, J.C. Variability in Rockfish (Sebastes spp.) Fecundity: Species Contrasts, Maternal
Size Effects, and Spatial Differences. Environ. Biol. Fishes 2015, 98, 81-100. [CrossRef]

Schmitt, C.; St-Pierre, G. Evaluation of Two Methods to Determine Maturity of Pacific Halibut; International Pacific Halibut Commission:
Seattle, WA, USA, 1997; pp. 1-24.

Haug, T; Gulliksen, B. Fecundity and Oocyte Sizes in Ovaries of Female Atlantic Halibut, Hippoglossus hippoglossus (L.). Sarsia
1988, 73, 259-261. [CrossRef]

Head, M.A; Keller, A.A_; Bradburn, M. Maturity and Growth of Sablefish, Anoplopoma fimbria, along the U.S. West Coast. Fish.
Res. 2014, 159, 56-67. [CrossRef]

Hunter, J.R.; Macewicz, B.J.; Kimbrell, C.A. Fecundity and Other Aspects of the Reproduction of Sablefish, Anoplopoma fimbria, in
Central California Waters. CalCOFI Rep 1989, 30, 61-72.

Schirripa, M.J.; Goodyear, C.P.; Methot, R M. Testing Different Methods of Incorporating Climate Data into the Assessment of US
West Coast Sablefish. ICES J. Mar. Sci. 2009, 66, 1605-1613. [CrossRef]

16



Fishes 2023, 8, 130

72.  Pearson, K.E.; Gunderson, D.R. Reproductive Biology and Ecology of Shortspine Thornyhead Rockfish, Sebastolobus alascanus,
and Longspine Thornyhead Rockfish, S. altivelis, from the Northeastern Pacific Ocean. Environ. Biol. Fishes 2003, 67, 117-136.
[CrossRef]

73.  Cooper, D.W.; Pearson, K.E.; Gunderson, D.R. Fecundity of Shortspine Thornyhead (Sebastolobus alascanus) and Longspine
Thornyhead (S. altivelis) (Scorpaenidae) from the Northeastern Pacific Ocean, Determined by Stereological and Gravimetric
Techniques. Fish. Bull. 2005, 103, 15-22.

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

17



fishes

Article

Socio-Ecological Overview of the Greater Amberjack Fishery in
the Balearic Islands

Inés R. Pereira 1'*, Maria Valls 2, Sofya Aoufi 1 Oona C. Bienentreu !, Yansong Huang 1
and Miguel Cabanellas-Reboredo 2

Citation: Pereira, LR.; Valls, M.;

Aoufi, S.; Bienentreu, O.C.; Huang, Y.;

Cabanellas-Reboredo, M.
Socio-Ecological Overview of the
Greater Amberjack Fishery in the
Balearic Islands. Fishes 2023, 8, 184.
https://doi.org/10.3390/
fishes8040184

Academic Editors: Mohamed

Samy-Kamal and Célia M. Teixeira

Received: 30 December 2022
Revised: 17 March 2023
Accepted: 23 March 2023
Published: 30 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

1 IMBRSea Coordination Office, Ghent University, 9000 Ghent, Belgium
2 National Center Spanish Institute of Oceanography, CSIC. Balearic Islands Co., 07015 Palma de Mallorca, Spain
*  Correspondence: ines.pereira@imbrsea.eu

Abstract: This study provides the first socio-ecological overview of the Seriola dumerili fishery
occurring in the Balearic Islands. This pelagic top-predator is among the five most valued fish
resources of the Balearic community. Despite its ecological importance and potential vulnerability
to aggregation fishing, few studies address the ecology of this large Carangidae species. Shining a
light on its ecology is vital to ensure adequate species conservation and the sustainable and effective
management of the fishery. Historical catches from 1950-1999, alongside detailed landing data
for the last 21 years, were analysed to identify potential patterns in ecological and socio-economic
factors. Significant inter-annual variability among the years was found in historical catches of greater
amberjack, while catches and mean prices of the different size categories revealed significant results
between seasons and months, respectively. Additionally, the purse seine fleet accounted for the
highest percentage of S. dumerili catches. CPUE did not appear to change greatly between months
and years after the annual 8-month fishing ban imposed in 2011 and therefore a re-evaluation of
the closure was intended. Overall, this study suggests seasonality influences the S. dumerili fishery
in the Balearic Islands, within which ecological influences show a higher regulating power than

socio-economic factors.
Keywords: Seriola dumerili; social-ecological systems; mediterranean; historical catches; fisheries dynamics
Key Contribution: The greater amberjack fishery in the Balearic Islands is affected by both socio-

economic and ecological factors, although the latter one seems to have a stronger influence on
the fishery.

1. Introduction

Fishery data is widely used to gather important information regarding the ecology
of species [1-3]. Such data is also crucial to understand stock fluctuations and changes
in the inherent ecosystem to help with the conservation and restoration of the resource
as well as preventing a sudden collapse in the stock [2]. Especially for species exhibiting
aggregation behaviour, fisheries data are a valuable source of information since species
aggregations are commonly targeted by fishers and provide a predictable opportunity
for large catches and an easy source of income [4,5]. While fishing on aggregations may
produce short-term economic benefits to fishers, this activity also puts exploited fish stocks
at risk of overfishing leading to a possible permanent loss of the resources [4,5].

The study of fishery data is particularly critical in systems that have a long history
of exploitation, such as the Mediterranean Sea [6,7]. For instance, in the Balearic Islands
(Spain), historical landing data was used to comprehend fluctuations in the Coryphaena
hippurus fishery [8]. The Mediterranean Sea is a semi-enclosed basin characterised by
coastal small-scale fisheries, representing 83% of the entire Mediterranean and Black Sea
fleet in 2020 [9]. However, the emergence of more technologically sophisticated vessels
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(trawlers and purse seine) and the development of tourism after the Second World War, had
detrimental impacts on traditional artisanal fisheries [10]. From the 1960s to the mid-1980s,
total landings in the Mediterranean increased, potentially due to the modernization of fish-
eries (technological advances increased the effort and catchability efficiency) and growing
nutrient load from coastal discharge [11], which consequently boosted the ecosystem’s
productivity. In contrast, a decline in nutrient flux from imposed regulations after the
mid-1980s resulted in both low productivity and high rates of exploitation, causing the
collapse of landings in subsequent years [11,12].

Ecological patterns can be difficult to comprehend when using fishery data, such
as catch rates in small-scale fisheries [13], because they are incorporated within highly
adaptive and complex marine social-ecological systems (SES) [14-16], posing a challenge
in distinguishing between cause and effect [17].

For this reason, a fishery should not be regulated solely by ecological and biological
components. Instead, it should aim to incorporate other potentially significant elements,
such as social and economic factors that can equally affect the fishery in order to strive for
optimal fisheries management [7,18], as considered in this study when attempting to assess
the efficiency of a Marine Protected Area [19].

Price is a clear example of how an economic variable can affect fishers” behaviour
and fishing strategy, according to seasonal price variations. For instance, it was found that
after the adoption of a quota for C. hippurus fishery in 2013, to increase fishers’ revenue,
landings in Mallorca went from being recorded only in summer and autumn, to starting
appearing all year long [8]. Additionally, tourism can have a tremendous impact on fishing
activities, species abundance and even market price value, as the most targeted species and
fish of ideal size are in greater demand from restaurants during the high season [10,20,21].
Likewise, fisheries management measures such as regulations have the power to influence
fishing effort and catch rates [8,14], and thus should also be considered when addressing
the study of the ecology of target species [22,23]. Established quotas and closed seasons can
help with conservation of the fishing resource while also improving the income of fishers
and retailers by increasing the demand in periods when this resource is not allowed to be
fished [8,24].

Since the 1950s, tourism has been the primary contributor to economic growth in the
Balearic Islands and it is still considered one the primary sources of income for what is
known to be one of the main tourist destinations in Europe [20,25]. During the high season
(May to October), the warmer seas attract millions of tourists to these islands, leading to
changes within the fishing sector [20], for example, higher market values [21] as a function
of increased demand for fish resources during these months [10,20].

Small-scale fisheries have been historically present on the island of Mallorca, with 241
out of 273 boats attributed to the small-scale fisheries sector in the last century [20] and
accounting for 27% of the total income from Mallorca’s landings during 2000-2014 [26].
These statistics demonstrate the considerable social weight this fishing sector adds to the
fishery, since it is responsible for several hundred jobs [7].

One illustrative example of a complex socio-ecological system is supported by the
small-scale fishery occurring in the Balearic Islands around Seriola dumerili fishery. This
species, also commonly known as greater amberjack, has a circum-global distribution
in subtropical and temperate pelagic waters [27] usually associated with rocky reefs or
drop-offs areas [28]. In the Mediterranean, this apex-predator exists in great numbers [29]
and forms spawning aggregations between late-spring and early-summer [30-32] when it
reaches around 110 cm [31]. Even though it has been registered at depths of 360 m [28,33],
during reproduction this species moves towards inshore warm waters, near the coast [30].
In contrast, juveniles are observed in offshore waters usually aggregated to Sargassum and
floating objects [27,28].

Due to its aggregating behaviour, during both its early life stages and as an adult [34],
S. dumerili is prone to being exploited by fishers who focus their effort on these key life-
history events, such as purse seiners. This puts the species at a potential risk of being
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overexploited, as were their relatives in the NW Gulf of Mexico that were found to be
overfished as a result of increased fishing effort and landings [27].

S. dumerili is a popular target species for recreational and commercial fishers world-
wide, with distinct economic value [8,35]. In the Balearic Islands, this species repre-
sents one of the fifth most valued fish resources, which underlines its great cultural and
socio-economic importance to the Balearic community (Figure 1A). Moreover, landings
of this important resource suggest a seasonal pattern of vulnerability during its life cycle
(Figure 1B) to different fishing gears strategically deployed in space and time to capture this
species, a fact that illustrates the potential effect on the fishery caused by both ecological
and social factors.
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Figure 1. Socio-ecological data supporting the potential SES around S. dumerili fishery. (A) Economic
importance of the main Balearic species as a function of price market value (€/Kg). Pie-chart
represents the % of total price for each species as an illustration of economic importance. Graph from
the Ministry of the Environment, Agriculture and Fisheries of the Government of the Balearic Islands,
using the fishery statistics for 2015. Total daily catches of S. dumerili (B) and by size classes (C) Sirviola
Grossa (navy blue), Sirviola Petita (light blue), Verderol (green) from the period 2000 to 2021. Monthly

catch distribution from the year 2009 is represented in (D).

In an attempt to protect and ensure the sustainable management of this relevant fish-
eries resource, the Spanish Ministry of Agriculture, Food and Fisheries passed legislation in
2000 specifying a closed season for the fishery. This closed season applies to offshore waters
of the archipelago with the aim of protecting S. dumerili juveniles, also known as Verderol,
between the 1st of July and the 15th of September [36]. Later in 2011, an open fishing period
was recognized for some species captured by purse seines, including S. dumerili, from 15th
of July to 15th of November [37]. Finally in 2013, an exclusive open season extending from
the 25th of August to the 31st of December was created in off-shore waters for the Llampuga
fishery, a traditional small-scale fishery based on fishing aggregation devices (FAD) that
targets C. hippurus, an epipelagic species fished alongside S. dumerili juveniles [8,38]. Such
management strategies are focused on the protection of the recruitment phase and aggrega-
tions performed by this species. In Spain, the current major fisheries management body
responsible for regulating the purse seine fishery, including the S. dumerili fishery in the
Balearic Islands, is the national Ministry of the Environment, Rural and Marine Affairs [37].

Despite the important worldwide socio-ecological importance of this marine resource,
little is known about the ecology of S. dumerili [35]. The majority of the studies focus on rear-
ing and reproduction in captivity [39—-41] with a view to incorporating it as an aquaculture
species, given it rapid growth rate, commercial value, and good adaptation to captiv-
ity [42,43]. Therefore, due to the high commercial importance of this species, its vulnerable
gregarious behaviour and the unknown effects of the imposed regulations, S. dumerili is
at risk of overfishing with potential consequences for its conservation [44,45], hence the
demand for urgent key information for an optimal evaluation and sustainable management.

In this sense, the main goal of the current study is to provide the first overview of the
S. dumerili fishery from a socio-ecological framework, using the paradigmatic case study
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of this resource, which is intensively exploited by recreational and artisanal fleets in the
Balearic Islands [45]. In this case-study, not only the ecological aspects such as spatio-
temporal distribution (led by the spawning migrations [29] or aggregation events [33])
could moderate the exploitation of this highly-valued resource, but also the seasonal and
by-size class prices and/or the fishery closed-season imposed, as potential social aspects,
could interact to draw the landing patterns observed in the fishery.

This study strategically assesses the relationship with ecological and socio-economic
factors of the complex SES around the S. dumerili fishery, through the means of historical
and detailed landings data. Studying this relationship could significantly help the scientific
community understand the currently scarce ecological information about S. dumerili within
an exploited system. Such socio-ecological approaches might strongly contribute to fisheries
management in the Mediterranean and to the understanding of fluctuations in catch and
price rates while providing vital information for decision and policy makers to effectively
and sustainably manage the fishery [45].

2. Materials and Methods
2.1. Study Area

This study was conducted in the Balearic Islands, a Spanish region, composed of
four islands: Mallorca, Menorca, Ibiza and Formentera [46] (Figure 2). This archipelago is
located in the NW Mediterranean between 38°35'-40°05" N and 04°20'-01°15" E [20] and it
is recognized as an independent fisheries management unit [26,46]. Mallorca, with an area
of 3620 km? and about 623 km of coastline [45], is the main island of the archipelago and is
where most fish are landed and sold [20].

44°N A

42°N -

40°N 1

38°N 4

36°N A

34°N A

T T T T T T T
10°W 5°W 0° 8°E 10°E 15°E 20°E

Figure 2. Overview map of the study area with main islands included: Mallorca, Menorca, Ibiza, and
Formentera (below Ibiza).

2.2. Data Collection, Curation and Management

To gather information about the S. dumerili fishery, two different data sources were
used during this study. Historical records of captures from the period 1950 until 2018 were
obtained from Sea Around Us website (www.seaaroundus.org, accessed on 16 March 2022).
This is an international project that began in 1999 in an attempt to estimate worldwide
reported and unreported total fisheries catches [47]. Detailed landing data of Balearic
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fishing catches from the last two decades (2000-2021) were provided by the Palma Fishing
Wharf in Opmallorcamar, Mallorca.

In order to provide an overview of the historical trend in Seriola dumerili catches
(1950-2021), both datasets were combined. The period from 1950 to 1999 was covered by
the historical timeseries from Sea Around Us, while for the last two decades (2000-2021) the
Palma Wharf landing data was used. This last dataset contained extensive and detailed
landing information for the last 21 years and included the daily weight of catches of
S. dumerili, along with social and fishery information regarding the fishing vessel, gear
and price per kg. Moreover, this data was available and subcategorized by the Palma
Fishing Wharf in descending order of size (Categories), locally known as Sirviola Grossa,
Sirviola Petita and Verderol with the latter including juveniles of the species that do not reach
30 centimetres [36]. Sirviola Grossa, may be considered to be all individuals larger than
100 cm since they represent adult specimens while Sirviola Petita sizes are those between
the adults and juveniles. These categories are based on size, which can be related to
the different life stages which are essential to provide information on how to properly
disentangle the ecology of the species throughout the different phases of its life.

Two new categorical variables—Regulation and Season—were added to the data frame.
The first was based on the law created in 2011, which established a closed fishing season
(between 16th of November to 14th of July) for purse seines targeting S. dumerili [37], and
the second one to account for potential seasonality patterns.

In order to describe the potential effect of Regulation on S. dumerili fishery, the yearly
and monthly catch per unit effort (CPUE, kg/trip) was calculated by adding up the total
catch of S. dumerili for every year and month, respectively, and dividing by the yearly
and monthly number of fishing vessel trips. These estimations only accounted for purse
seines given this fleet focuses on the exploitation of this resource as a target species (most
important gear in terms of landings; see below in the results Section 3.2).

All data cleaning, exploration and analysis was performed using R version 4.2.0 [48].
Outliers were checked visually with the help of preliminary boxplots and kept for all
variables except Price, to avoid removing values that could potentially be real catches and
consequently create misleading results [49].

2.3. Statistical Analysis

The response variables, Catch and Price, were included in different generalized models
as a function of various predictor variables, adjusting all statistical procedures according to
the socio-ecological patterns found in S. dumerli fishery to be addressed (Table 1).

Table 1. Summary of models performed and their statistics. Respective response variables, potential
transformations and explanatory variables used for each model.

Response Variable  Explanatory Variables Model Transformations r?
Historical Trends Catch (Kg) Year GAM (Catch ~ s(Year, k = 13)) ! Untransformed 0.689
Categories GLM (Catch ~ Categories * Ordered Quantile
Ecological Catch (Kg) Season Season) ! Normalization (ORQ) 0268
Traits Ordered Quantile
Catch (Kg) Gear GLM (Catch ~ Gear) Normalization (ORQ) 0.174
Socio-F . Categories GAM (Price ~ Categories +
OCIO:Fr aci(t)gomlc Price (€/Kg) M ognth s(Month, k = 4) + s(Month, Untransformed 0.315

Categories, k =7) !

1 Interactions terms are indicated with * while smoothed terms are represented by s, depending on the model
conducted (GLMs and GAMs, respectively).

Both Generalized Linear (GLMs) and Generalized Additive Models (GAMs) were
performed during this study. GLMs [50] were used to assess linear relationships between
response and explanatory variables (¢/m function from Ime4 package [51]), as this is a
model that allows incorporation of non-normal response variables [50]. Whenever a
non-linear relationship was observed in preliminary graphs, between explanatory and
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response variables, GAMs (mgcv package) were chosen, due to their higher flexibility
when accounting for smoothness of the terms in the model [52]. For both models, when
worth considering, interactions between predictors were included. When the data showed
non-normality and homoscedasticity, transformations were performed using bestNormalize
package [53], which selected the best normalizing transformation for the available data.

To provide an overview of the historical trends of S. dumerili catches, Catch (weight
of S. dumerili by year) was modelled as a function of the Year using GAM (Table 1) as a
data smoothing procedure to reduce the yearly variation. Meanwhile, ecological traits were
assessed using two GLMs (Table 1). Transformed values of Catch (weight of S. dumerili for a
given day and gear) were fitted as a function of the interaction of the categorical variables
Categories and Season in order to disentangle a potential seasonal pattern of capture using
the different life-stages of the species. Secondly, the same transformed response variable
Catch was modelled as a function of Gear, in an attempt to relate the ecology of the species
based on the fishing behaviour.

To disentangle a potential social effect of the price on the seasonal landings pattern of
S. dumerili size classes, Price (€/Kg of S. dumerili daily sales) was fitted as a function of the
categorical and numerical variables, Categories and Months, respectively, and the interaction
of both using a GAM (Table 1).

In relation to the GAMs, the selection of the basis dimension parameter k was based on
the diagnostic tests from gam.check function included in the mgcov library [54] and with the
purpose of avoiding model overfitting (Table 1). A gamma value of 1.4 was also included
in both GAMs for the same reason. The effective degrees of freedom (edf), when close to 1,
was indicative of linearity between stressor and response variables [55].

For all models, the response variables were assumed to follow a Gaussian distribution
with an identity-link function. Moreover, the goodness-of-fit was assessed as a function of
the Akaike Information Criterion (AIC) [56], with significance of the variables and deviance
explained. The distributions of the residuals were subsequently checked for normality with
qqplots and confirmed among residuals, while the R effects library [57] was used to obtain
the partial effects of the fixed factors. Predicted mean prices for all size categories were
fitted with the function predict_gam of tidymv package and plotted using ggplof2 library.

3. Results
3.1. Historical Trends of S. dumerili Catches

Record of catches of Seriola dumerili in the Balearic Islands region were analysed for a
total period of 72 years (1950-2021) (Figure 3). After 1960, catches of S. dumerili considerably
increased, reaching a peak of approximately 71 tonnes in 1969. This trend was followed by
a continuous decline until the present day, with the lowest catch being recorded in 2015
(Figure 3).

Catch showed significant inter-annual variability among years (p < 0.05), with record
values in the mid-1960s and following a decline after the 1980s. Catches increased again in
the mid-2000s but immediately dropped straight after, until now (Figure 3). The residuals
of the model revealed normality.

3.2. Ecological Factors

Landings of S. dumerili from the period 2000 to 2021 registered a mean of 33.10 + 11.07
tonnes per year, with higher numbers occurring predominantly in the first decade (Figure 1B,C
by size classes). Within a year, catches maintained low levels in the beginning until the start of
the second semester, when landings of S. dumerili started increasing (Figure 1D), indicating a
high seasonality pattern. Sirviola Petita (medium size) appeared throughout the year in very
low and stable catches while Sirviola Grossa (bigger size) reached higher values in Spring,
Summer and Fall, peaking in Summer months (Figure 4A,B; p < 0.05). Additionally, the landings
of juveniles (Verderol) grew particularly during Summer and Fall (Figure 4C,D).

24



Fishes 2023, 8, 184

70000

65000

60000

55000

50000

Catch(Kg)
g
2 8
g 8

35000

30000

25000

20000

— HISTORICAL DATA == LANDING DATA 20000

10000

-10000

20000

JLURL L e e e e e e e e e e

4504

800

700

Catch (kg)
2 N @ s g @
8 8 8 8 8 8

o

1950 1955 1960 1965 1970 1975 1980 1985 1980 1995 2000 2005 2010 2015 2020 1650 1955 1960 1985, 1970' 1975 1600 335 1990 1995 2000 2005 2010 2015 ‘2020
ear

Figure 3. (A) Yearly distribution of Catch of S. dumerili for the period 1950-2021, obtained from both
historical (blue) and landing (green) data. Dashed line is the smoothed trend estimated by the GAM
method of the geom_smooth function. Blue and green shadows represent the confidence intervals.
(B) GAM smooth splines of the response variable Catch as a function of the explanatory variable, Year
and respective 95% confidence intervals.
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Figure 4. (A) Seasonal distribution of daily catches of the different size classes (asterisks above boxes
indicates p-values * < 0.05 and *** < 0.001). (B) Partial effects of the interaction between Categories and
Season on S. dumerili catches. (C) Proportion of S. dumerili landings (kg) for each Gear investigated
with correspondent partial gear effect plot (D).

Catches from Verderol in Summer did not show significant effects (p > 0.05) (Figure 4A).
The model resulted in a 12 of 0.268 (Table 1) and residuals showed normality. Partial effects
of the residuals revealed higher catches for Sirviola Grossa when compared to Sirviola Petita
and Verderol, with the first two demonstrating the same seasonal pattern of landings (lower
in Winter, peaking during summer followed by a decrease in Fall). Moreover, Verderol
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registered almost no catches during Winter and Spring, only appearing later in Summer,
when it peaks (Figure 4A,B).

All gears studied revealed significant catches of S. dumerili (p < 0.05; Figure 4C,D).
However, Purse seine is the gear that accounted for the majority of S. dumerili landing
weight, with an average of approximately 16.1 tonnes per year (p < 0.05; Figure 4C,D)
revealing a clear targeting pattern of Seriola dumerili by this fleet. In Majorca, purse seiners
are multispecies, meaning that they target many different species throughout the year, such
as tunas, squid, sparids, anchovies and sardines, while small-scale fisheries, responsible
for being the second gear with the most catches, comprise a various number of passive
gears that target S. dumerili: “solta” (February to April and September to December);
“moruna” (April to September; similar to tuna traps deployed in shallow waters in search
of spawner aggregations); “mussolera” (historically to catch demersal shark Mustelus
mustelus: February to April) and “currican” (mainly Verderol: September to October). As
a bycatch, S.dumerili can be caught with: “llampuguera” (mainly Verderol: August to
November), “almadrabilla” (March and April) and trammel net (targeting spiny lobster
Palinurus elephas and Mullus sp.) [58].

3.3. Socio-Economic Factors

Mean Price (€/Kg) of the different size categories of Seriola dumerili varied through
seasons and across months (p < 0.05; Figure 5A,B). Although Sirviola Grossa maintained
similar prices throughout the year, Sirviola Petita and Verderol disclosed seasonal patterns
indicating an increase of economic value during Summer months (Figure 6B), reaching a
maximum of 18.5 €/Kg and 19.1 €/Kg in August and July, respectively.
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Figure 5. (A) Mean price (€/Kg) for all three size categories by Season (B) GAM predicted smooth

splines of the response variable mean price of the different categories as a function of month

(p <0.001).

The GAM prediction of Price trend along the Months of the year confirmed the pattern
first observed with the exploratory plots by demonstrating significant effects among Cate-
gories (p < 0.05) mean prices and through months. The predicted values of Price displayed,
once again, a clear seasonal relationship between mean prices of Verderol and Sirviola Petita
and were less prominent for Sirviola Grossa. These two categories of S.dumerili reached
higher prices during optimal months of the year (July and August), after which they
decrease back to lower prices (Figure 5B).

Similar CPUEs levels before and after the Regulation were shown for the last twenty
years (Figure 6A). An increase CPUE trend along the months, peaking in August and
followed by a consecutive decline, was detected (Figure 6B). Furthermore, such inter-
month trends seemed to have remained fairly similar for the period affected (after 2011)
and not affected (before 2011) by the Regulation (Figure 6B). For the months where fishing
was not always allowed (January to May and December), CPUEs remained at relatively
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low numbers regardless of whether the regulation was enforced or not. For instance, in
December there were no fishing trips occurring after 2011 while in April only one fishing
trip was conducted for the same period (Figure 6B).
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Figure 6. (A) CPUE distribution (2000-2021), for purse seine fleet that only target S. dumerili, as a
function of the Regulation, (blue—before 2011; red—after 2011). (B) Monthly CPUE distribution, as a
function of the Regulation (blue—before 2011; red—after 2011).

4. Discussion

This study represents the first attempt at investigating the Seriola dumerili fishery and
its potential relationship with ecological and socio-economic factors. By analysing over
72 years of landing data in the Balearic Islands, evidence was found that the fishery was
influenced by more than just biological components, with social and economic aspects
holding regulating power as well.

Whilst reconstructed Balearic catch data between 1950 and 1999 [46] should be inter-
preted with caution, nonetheless, the trends observed seem to follow the common historical
fishery. The big increase registered in the second half of the last century, near the 1960s, was
a common pattern reported among Mediterranean fisheries [46]. The Balearic’s increase of
S. dumerili captures could be closely related to the expansion of consumption resulting from
tourism and technological improvements that allowed fishing gear to become more efficient
and consequently increase vessel’s fishing power [10,59]. The declining trend from the
1980s can either be indicative of stock overexploitation, a decrease of fishing capacity owing
to a decay in the number of fishing vessels [26,60,61] or a combination of both. Another
possible explanation may be the decline of nutrient flux registered in the Mediterranean
after the mid-1980s as reported by some studies [11,12]. This development in combination
with high rates of exploitation might have led to the collapse of landings [6]. The declining
trend has been prominent until the present day, although there was a slight increase in the
mid-2000s but never comparing to levels documented in the past century.

Within this decreased scenario of landings, our results strongly suggest a seasonality
pattern in landings of different life-stages, probably related to the species ecology. In fact,
S. dumerili spawners (in most part Sirviola Grossa) undergo spawning aggregations between
late-spring and early-summer in the Mediterranean [30,31], periods in which this species
becomes more susceptible to being caught [44,62-64]. The non-significance of catches of
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juveniles in Summer can either be related to the fact that there are similar catches of Verderol
during Fall or be in comparison with other size Categories such as Sirviola Petita, which has
identical numbers of catches in Summer. Nevertheless, the increase of juveniles catches
during this period is probably a consequence of the species recruitment [34,65], as they can
become available for the fishery faster due to their rapid growth throughout early life stages
(1.45 mm/day) and for late season cohort [27]. Meanwhile, the medium size fish (Sirviola
Petita) was found at relatively low levels between seasons, with slightly higher catches
occurring in Summer, just as for Sirviola Grossa, and possibly related to the behaviour
and ecology of the species. A point to be highlighted is the lower record of landings
during Winter months (January-March) for all three size categories. Social and economic
factors could be influencing this tendency [8], however based on the results obtained in
the present study, these socio-economical aspects can be discarded, considering the spatio-
temporal behaviour and ecology of this species. Other fisheries, such as the transparent
goby (Aphia minuta) fishery, register high catches during these cold months (December
to April), while the dolphinfish (C. hippurus) fishery sustains low catches for the first two
trimesters of the year (January to August), demonstrating a clear seasonality pattern in the
species caught by small-scale fisheries. Besides, this colder period falls outside the temporal
spawning-window [32] and therefore, a possible disaggregate schooling behaviour and
migrations towards deeper waters [30] could explain the decreased availability of the
resource for the fishery.

This explanation is in agreement with the fishing behaviour of the purse seine fleet
which accounted for 56% of total catches. Just as for other central Mediterranean cities,
purse seines stood out as the main contributor for most S. dumerili landings [30]. This was
already expected since purse seines’ main strategy is to use encircling nets to target species
that are aggregated in a specific place [66]. Moreover, as mentioned above, S. dumerili is a
reef-associated species [34] with a clear aggregating behaviour during spawning events [30]
and in earlier stages, as juveniles are also known to aggregate in offshore areas starting in
July [33,34,65]. Such spatio-temporal schooling behaviour during different life stages of
S. dumerili ultimately makes this species more vulnerable and likely to be exploited by the
purse seine fishery, who seem to focus their exploitation efforts on the time and place the
species is available and economically profitable [61].

Regarding socio-economic factors, price and its link with tourism showed an effect on
landings of the fishery, while fishing regulation seems to have had no effect. The rise for
these two size categories’ (Sirviola Petita and Verderol) prices strongly matches the touristic
high season in the Balearic Islands [20,21]. With the increasing arrival of tourists in the
archipelago, the demand grows in restaurants, hotels and local fish markets, with higher
preference for small to medium average size fish, in detriment of larger fish. This pattern
explains the relatively constant low price trend for Sirviola Grossa across the year [10,20,21].
After peaking, Sirviola Petita and Verderol mean prices suffer a steep decline, probably
due to the end of the intense high season, or as a consequence of market value change,
coinciding with the period of time Verderol becomes most vulnerable to being harvested and
therefore a higher availability of this resource results in lowering prices (a clear marketing
example of the supply and demand law [67]). Another social aspect that clearly influences
fisheries in term of landings and spatio-temporal distributions of effort are regulations [14].
However, similar CPUEs between periods of regulation and no regulation may prove that
even though socio-economic factors have the power to affect this fishery [61], it seems that
the ecological aspects hold more power when it comes to influencing Seriola dumerili fishery.

A detailed understanding of the ecology of S. dumerili is fundamental to its conserva-
tion and resource management considering the economic importance of this species both
in the Balearic Islands and worldwide [2]. Little is still known about S. dumerili ecology, as
the main study focus has been on captivity rearing and reproduction [68-71]. This study
provides key socio-ecological insights on S. dumerili fishery; however, it is vital to conduct
future research to improve the successful management of this resource in the Balearic
Islands and Mediterranean Sea.
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Analysing historical data of catch per unit of effort would shine light on S. dumerili
fisheries” history and help assess the current status of the stock, while telemetry experiments
(e.g., acoustic and satellite transmitters [72]) could provide important information about
the species distribution (previously conducted in other places with related species Seriola
rivoliana [1]) and confirm the hypothesis of offshore spawning migrations potentially being
behind the lower catches of S. dumerili during winter months. Additionally, as this fishery
is inserted in a system with complex human-environment relationships and profound
uncertainties [16], it is highly recommended to deepen the knowledge on other potential
ecological and socio-economic indicators, such as the population structure and growth,
reproductive traits, employment and income.

Finally, and since the current legislation did not appear to have an effect on CPUE
of S. dumerili, an extension of the closed season (from May to August) would fully cover
the spawning period of this species. Despite being suggested a short spawning period
(May-June) triggered mainly by higher temperature cues [32], the gradual increase of
such a variable under the tropicalization of the Mediterranean Sea [73] could expand the
temporal window of the spawning. Therefore, this conservative measure (extended closed
season from May to August) might ensure the protection of this important life-history trait
and vulnerable event for S. dumerili [34] with potential consequences on its population
dynamics. It is important to ensure that future regulations made by decision and policy
makers are socially and ecologically fair [3] and supported by the best available information
to effectively and sustainably manage the S. dumerili fishery [45].

5. Conclusions

The present study represents the first research conducted providing an overview of the
S. dumerili fishery from a socio-ecological framework. The findings of this study contribute
to a better understanding of the ecological, economic and social pillars of S. dumerili fishery.
After analysing historical and detailed landing data, results revealed an important seasonal
fishery occurring in the NW Mediterranean, mainly influenced by the species ecology
with considerable weight given to socio-economic factors. As such, this study provides
essential information for proper sustainable management of one of the most important
marine resources not only in the Balearic Islands but across the world.
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Abstract: The literature suggests regional variations in the size at which sexual maturity is reached
for commercially important edible crab (Cancer pagurus), worth GBP 74.3 million annually, which
could have implications for regional fisheries management. Berwickshire and Northumberland are
geographically divided by the Scotland and England border and remain within the Berwickshire
and North Northumberland Coast SAC (Special Area of Conservation). Each are managed by
differing fisheries authorities and Minimum Conservation Reference Sizes (MCRS). Morphometric
measurements were recorded for each C. pagurus individual to categorise morphometric maturity
using segmented regression, with gonadal maturity categorised using visual gonad characteristics
and general linear model regressions to compare onset in sexual maturity. Results showed regional
variations for gonadal maturity with males reaching sexual onset at a carapace width size of 108.5 mm
in Berwickshire and 109.9 mm in Northumberland; females at a size of 126.8 mm in Berwickshire and
120.8 mm in Northumberland. This was also true for morphometric maturity based on chelae height,
that males (141.1 mm) and females (134.7 mm) from Berwickshire were morphometrically mature
at greater sizes than males (130.1 mm) and females (120.8 mm) from Northumberland. This study
shows that the respective MCRS in both regions are appropriate for the C. pagurus populations, but
implications for fisheries management could be present.

Keywords: Cancer pagurus; conservation; fisheries management; MCRS; minimum landing size

Key Contribution: The size at onset of sexual maturity for Cancer pagurus differs between Berwick-
shire and Northumberland, UK. When the regions are compared, males mature at smaller sizes
in Berwickshire (108.5 mm) and females mature at smaller sizes in Northumberland (120.8 mm).
These sizes are still appropriate for the current regional minimum conservation reference sizes, but

implications for fisheries management could be present.

1. Introduction

The edible crab (Cancer pagurus, Cancridae) fishery is the most valuable crab fishery
in the UK and an important economic product for inshore commercial fishermen. Annual
landings were in excess of 31,632 tonnes with a landing value of just under GBP 74.3 million
in 2019 [1,2]. The fishery is subject to EU regulations that impose statutory Minimum
Conservation Reference Sizes (MCRS) which prohibit the landing and selling of undersized
individuals. The MCRS for C. pagurus differs between regions and in Scotland the MCRS
is 150 mm (carapace width) (except Shetland Isle where it is 140 mm) [3] while Northum-
berland (specifically the Northumberland Inshore Fisheries and Conservation Authority),
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England, MCRS is 130 mm [4]. The primary aim of the MCRS at a management level is to
enable individuals to reproduce at least once before harvesting [5].

During 2020, there were 62 active creel fishing vessels (<10 m in length) operating from
Eyemouth harbour (55.873726, —2.086900) [6], 75 active vessels in Northumberland, and
11 active vessels (based in Scotland) operating on both sides of the border [2,6]. Landings
and effort data are available for 2020; however, COVID-19 restrictions that were in place
for 2020 likely affected the fishing effort and landings for this period and therefore are
unlikely to adequately represent the region as a whole. In 2020, the C. pagurus fishery for
Berwickshire was valued at GBP 567,000 and GBP 2.13 million within the Northumber-
land region, highlighting the economic importance of this fishery to these regions [2,6].
C. pagurus landings data for the Berwickshire region and Northumberland region can be
seen for 2017-2019 in Table 1.

Table 1. Landings and value per annum of C. pagurus from 2017 to 2019 for both study regions.

Region Landings and Value Per Annum (Tonne)/(£000)
2017 2018 2019
Berwickshire 530/820 498/1014 463/1081
Northumberland 1057/1375 971/1598 949/2140

Note: Berwickshire values are taken from the Scottish sea fisheries statistics reports retrieved from https://www.
gov.scot/publications/scottish-sea-fisheries-statistics-2018 /documents/ (accessed on 5 May 2022). These values
are a collation of landings in the main regional port of Eyemouth. Northumberland values were provided by
NIFCA datasets.

Increased reports from local fishermen (pers comm), who fish both sides of the Scot-
tish/English border, have suggested that the discrepancy in MCRS between regions, and
the close proximity of local fishing fleets to the border, has resulted in cross-border fishing
and landings. If this is the case, current MCRS measures between regions are unlikely to
be effective as the removal of individuals deemed undersized in one region are landed in
the other, further limiting the benefits of maintaining these individuals to provide brood
stock. Regional approaches to management are the current norm in managing the edible
crab stocks in Berwickshire and Northumberland; however, with reports of cross-border
landings, a harmonised MCRS for Berwickshire and Northumberland could prevent such
activity. Therefore, understanding the size at which an individual becomes mature in both
regions will be beneficial to the fishery and advancement of the fishery management.

C. pagurus is a decapod species that has an international distribution spanning from
Norway to Morocco, located at depths of up to 100 m [7]. Typically, this species resides
in habitats consisting of coarse sediment and rock [7]. The literature suggests that the
size at onset of sexual maturity (SOM) of localised populations of C. pagurus differs spa-
tially, depending on different environmental factors such as habitat type, temperature, and
depth [8,9]. This is also reflected by the variance in MCRSs around the UK coast (Table 2).
Maturity can be categorised into four criteria—gonadal, morphometric, behavioural and
functional [8]. Each focusses on different stages of the decapods progression through
maturity—gonadal is the presence of developed testes for males and ovaries for females;
morphometric the changes in growth of chelipeds in males and the abdomen and pleopods
for females; behavioural includes the presence of sperm plugs in the females” oviducts as
an act of copulation; functional is a combination of the other three indicated by presence
of offspring [8]. The hepatopancreas is an essential organ that provides the individual the
energy and nutrients required for growth and progressing through reproductive stages;
therefore, it provides an index for assessment of health of the individual [7]. Copulation of
female C. pagurus occurs between December and February when the females have moulted,
allowing the males to mate successfully over three to twenty-one days [7]. Oviposition
occurs four months post copulation, typically between January and June, with egg brood-
ing continuing into the next eight months [7]. There have been no comparative studies
investigating the SOM (utilising gonadal maturity or sperm plugs) of C. pagurus in the
Northumberland and Berwickshire regions. It is essential to understand at what stage
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crabs reach sexual maturity at a regional scale to properly inform sustainable fisheries
management and allow C. pagurus the opportunity to reproduce at least once before being
landed, thus safeguarding and prolonging the fishery for future generations, providing
long-term benefits to local, and national economies.

Table 2. Previous size at onset of sexual maturity (SOM) literature for C. pagurus within the UK.

Region Sex Maturity Metric Size at 50% Maturity (CWsp) (mm) Reference
North Wales M Gonad development 56-94 [7]
North Wales F Gonad development 86-105 [7]
South Wales M Gonad development 56-94 [7]
South Wales F Gonad development 101-115 [7]
Norfolk England M 105 [9]
Norfolk England F 110 9]
Selsey England M 115 [9]
Selsey England F 125 [9]
E Coast England F Sperm plugs 116 [10]
SW Ireland F Mature gonads 127-139 [10]
England M Chelae 110 [10]
Shetland Scotland M Averaged all 116 [11]
Shetland Scotland F Averaged all 128 [11]
Shetland Scotland F Sperm plugs 123 [11]
Shetland Scotland M Mature gonads 125 [11]
Shetland Scotland F Mature gonads 133.5 [11]
Shetland Scotland F Hatched 144 [11]
Shetland Scotland M Averaged functional 125 [11]
Shetland Scotland F Averaged functional 139 [11]
Western Channel England F Mature gonads 137-147 [12]
Scotland East and West M Mature gonads 101-106 [13]
Scotland East and West F Mature gonads 127-128 [13]
Scotland F Sperm plug 122.9 [14]
Scotland F Ovigerous 143.7 [14]
Ireland F Mature gonads 132-138 [15]
Eastern Channel England M Mature gonads 105 [16]
Eastern Channel England F Mature gonads 126 [16]
Western Channel England M Mature gonads 90 [16]
Western Channel England F Mature gonads 112 [16]
North Sea M Mature gonads 89 [16]
North Sea F Mature gonads 109 [16]
ITreland F Gonad development 120 [17]
Isle of Man, Irish Sea M Gonad maturity 89 [18]
Isle of Man, Irish Sea F Gonad maturity 108 [18]

Note: CW5 represents the carapace width (mm) at which 50% of the population are deemed sexually mature.

SOM can be used to estimate the reproductive output of individuals before they are
caught according to the current MCRS. Here, we conduct a cross-border fisheries project to
determine whether the SOM for local C. pagurus populations (males and females) in both
Berwickshire and Northumberland regions are different and assess whether the current
MCRSs are suitable for each region.

2. Materials and Methods

C. pagurus individuals were collected from the Berwickshire region by local inshore
fishermen over three fishing trips. Derogations were granted by Marine Scotland over the
sampling period to allow the landing of individuals below the Scottish MCRS of 150 mm.
The surveys were in accordance to terms of Section 9 of the Sea Fish Conservation Act
1967, Article 25 of Council Regulation No. 2019/1241, the specified crustaceans (prohi-
bition on landing, sale and carriage) (Scotland): order 2017 No. 455 and the undersized
edible crabs (Scotland) order 200 No. 228. In the Northumberland region (River Tyne to
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the Scotland /England Border) inshore creel fleets (eight fishing trips) deployed by the
Northumberland Inshore Fisheries Conservation Authority (NIFCA) and local fishing
vessels in Northumberland (two fishing trips) were used for sample collection (Figure 1).

Biyt

< 0 1530km., 0,300 600 km

D - Mg wm

+ Northumberland Ports

* Berwickshire Ports
Fleet Locations - Northumberland
Fleet Locations - Berwickshire

United Kingdom

Figure 1. Map of locations from which the C. pagurus were sampled from both the Berwickshire
(55.902769, —2.128988) and Northumberland (55.137154, —1.437651) areas of survey. Sampling
locations for Northumberland are highlighted by the blue dots whereas the sample locations for
Berwickshire are highlighted by the red dots.

A total of 768 individuals (carapace width range: 60-209 mm) were collected from
both sites between September 2020 and May 2021 which were processed at St. Abbs Marine
Station. Those C. pagurus individuals collected from the Berwickshire region were held in
3000-10,000 L aquarium tanks filled with ambient seawater (mean =+ sem: 12.25 + 0.46 °C,
33.84 £ 0.13 ppt). Those collected from the Northumberland district were frozen prior to
arrival to the marine station due to storage and transportation difficulties. These samples
were defrosted over a 24 h period at room temperature (22 °C) to allow complete thawing
of the organ tissue. Thawing of the organ tissue allowed for the organs and tissue to be
removed more easily, limiting the chance of wasted target tissue.

Initially, each fresh individual from Berwickshire was subject to a cold shock treatment,
whereby the individual was placed in a freezer for a duration of 30 to 60 min at a temper-
ature range of —16 to —20 °C. This treatment allowed the individuals to be desensitised
before the dissections took place. To ensure the individual was dead before dissection, it
was monitored for 5 min during which time any movement from chelae, pleopods and eye
stalks was associated with inadequate desensitising and the individual was placed back in
the freezer for an additional 30 to 60 min. Before each dissection took place, morphological
data were collected from each individual using measurement callipers (Proops 350 mm
Inside Outside Plastic Calliper Metric Measuring Scale) and a calibrated AMIR™ digital
scale. For each individual, the following were recorded: wet weight (g), carapace width
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(mm), chelae length (mm), chelae height (mm), chelae depth (mm), sex, condition index,
and moult stage. Morphological measurements of the chelae were assigned to the right
claw. If the individual had a regrowing right chela, or had the right chela missing, the
left chela was used for these measurements as the chelae are not dimorphic [7,19]. The
condition index is a method of determining the general condition of an individual’s mor-
phometry based on criteria used in [7] (Table 3). The extent of black spot coverage on the
body was also noted for each individual based on criteria from [7,10,20]. The moult stage

was determined using the same table of criteria used in the paper [7] (Table 4).

Table 3. Descriptions detailing the criteria to meet each condition index stage.

Condition Index Condition Description
1 High standard of health. Chelipeds present. Chelae present. No black spot lesions. No damage.
2 Good standard of health. One to two chelipeds are missing. Limited black spot lesions.
3 Average standard of health. More than two chelipeds missing. Black spot lesions present.
4 Bad standard of health. One or both chelae missing. Black spot lesions covering around 50% of
the carapace. Limited damage to the body.
Poor standard of health. One or both chelae missing and chelipeds missing. Large surface area of
5 .
black spot lesions on the body. Damaged carapace.
Note: The information in this table is developed from [7,10,20].
Table 4. Visual descriptions of moult stages to assign to each individual C. pagurus.
Moult Stage Description
Early Post Moult Soft, white, no biofouling on carapace, very sharp toes.
Recent Moult No biofouling on carapace, sharp toes, carapace not fully hardened.

Inter-Moult

Degraded

chelipeds, toes are worn to a smooth rounded shape.

Carapace shows signs of great biofouling in the form of tubeworms, barnacles, large surface area
coverage of biofilms especially attached to the hairs of the chelipeds, damage to carapace (holes,

indentations), distinguishable smell to the individual.

Note: Details and descriptions used to assign the stages were based on those from [7,21].

Females were observed for sperm plugs prior to dissection, which were noted if
present. The crab dissection took place on the ventral side of the animal. An incision at the
telson allowed for the dissection to take place along the moult line. This allowed the dorsal
and ventral sides to be separated, opening the body cavity. Once the body cavity was
exposed, the hepatopancreas, which sits on top of the gonads, was removed for weighing
post dissection. The gonads were then exposed and a photo was taken for post sampling
analysis. The sex stage was then determined by comparing the photo with information
and details from the literature [7,10,19,20]. An example of the information and details is

summarised in Table 5, Figure 2.

Table 5. Visual descriptions used to assign the gonad stages for each C. pagurus individual.

Female

Stage

1-Immature 2-Undeveloped 3-Developing 4-Mature 5-Recovery

Details

Early secondary Late secondary

No egg cells present Pre-vitellogenesis vitellogenesis vitellogenesis

Visual

Gonad lobes are
Gonad is transparent visible with a
and thin in structure. light pink/

grey coloration.
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Carapace covered with biofouling usually in the form of biofilm attached to the hairs of the

Post Reproductive

Gonad has more Ovaries are very Remnant eggs are
noticeable pink large, covers over visible with the
colour. Covers less ~ 50% of the cavity ovary exhibiting a
than 50% of with a prominent loose structure and
the cavity. orange/red colour.  white appearance.
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Table 5. Cont.

Male
Stage 1-Immature 2-Developing 3-Mature
Details Spermatids Spermatozoa Spermatophore
. Small testes that White and Both swollen testes
Visual are transparent .
obvious testes. and vas deferens.

or undetectable.

Note: Descriptions are based on those by [7,8,10,19,21].

|

1. Immature 2. Developing 3. Mature

e
Fully Developed
Testes
Vas Deferens

Undeveloped Ovaries

Females Ovaries Post
Reproductive Stage 4

Fully Developed
Ovaries

Figure 2. Visual representations of the three gonad stages of male C. pagurus and five gonad stages of
female C. pagurus. For males, stages 1 to 3 are presented from left to right at the top of the image. For
females, stages 1 and 2 are presented left to right on the top, stages 3 and 4 are presented left to right
on the bottom. Stage 5 is shown on the far right.

The wet weight of the hepatopancreas was measured using a calibrated Sartorius™ AC
211S-00MS Iso Cal digital scale. If the gonad stage for males were three, and three or four
for females, deeming the individual sexually mature, the gonad was removed and the wet
weight recorded to the same criteria as the hepatopancreas. The hepatosomatic index (HSI),
a means of indicating lipid stores in the individual, is calculated by the hepatopancreas wet
weight (HWW) (g) divided by the total wet weight (WW) (g) of the individual to give a
percentage value (HSI).

HSI = HWW/WW x 100

Similar to the hepatosomatic index, the gonadosomatic index (GSI) is calculated by
the gonad wet weight (GWW) (g) divided by the total wet weight (WW) (g) to provide a
percentage value.
GSI = GWW/WW x 100

2.1. Statistical Analysis

All statistical analysis was performed in R Studio [22]. Initial data were analysed for
normal distribution and homogeneity of variance using the Shapiro-Wilk test, normality
histograms, and Levene’s Test. Normality and homogeneity of variance was considered
when significance was interpreted as p-value > 0.05. Size at gonadal and morphometric
maturity of the individuals was estimated using the sizeMat package (version 1.1.2, pub-
lished: 2 June 2020) [23]. Segmented regression analysis and models were conducted using
the segmented package (version 1.3.4, published: 22 April 2021) in R Studio. Data were
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separated by location (Berwickshire and Northumberland) to allow for regional compar-
isons. Comparisons made regarding the hepatosomatic index (HSI) were analysed using
Anova tests partnered with post hoc Tukey HSD tests. The gonadosomatic index (GSI) was
tested with sex, gonad stage, and condition index using linear regressions. All statistics
were tested to the significance value of 0.05.

2.2. Morphometric Maturity

Individuals were assigned into two groups (immature = 0 and mature = 1) which were
classed using the allometric measurements (frequentist logit approach), X = independent
variable (carapace width) and Y = dependent variable (chelae height, depth, and length) [24].
CWsy is the value given when there is a 50% chance at a given carapace width (mm) the
individual is considered mature [25,26]. In the regression analysis, X is considered the
explanatory variable, in this study carapace width (mm), and the classification of maturity
CS (juveniles: 0, adults: 1) is considered the response variable (binomial). The variables are
fitted to a logit function [24]:

PCS =11 + ¢ (B+F'0)

where PCS is the likelihood of an individual being mature at carapace width (x). p°
(intercept) and B (slope) are parameters estimated. The CWs is calculated as:

CWso = —p°B!

Maturity ogives were presented as graphs which highlighted the CW5 for each loca-
tion and sex. Segmented regression was applied to assess breakpoints (BP) and confidence
intervals at which morphometric data collected (chelae depth, chelae height and chelae
length) indicated morphometric maturity in relation to allometric relationships [23]. The
segmented regression follows the process of measuring the distance between two fitted
lines at each respective breakpoint using the minimisation of a parameter [23].

2.3. Physiological Maturity

The size at physiological maturity is assessed using the carapace width (mm) in
relation to the maturity stage assigned during the histological dissection process. The
function follows a logistic approach in which the logit regression is based on a general
linear model (GLM) [23]. As per the morphometric maturity, the function requires an
allometric variable (X), in this case carapace width (mm) and stage of sexual maturity
(immature = 0, mature = 1). Similar to the morphometric ogives, the gonad maturity ogives
were presented as the fitted values as a curve logistic regression with confidence intervals
(95%). Also highlighted is the CW5 for each location and sex.

3. Results

From both regions of sampling (Berwickshire and Northumberland), 768 individual
C. pagurus were collected and dissected between the period of September 2020 and May
2021. A total of 501 males and 267 females were collected with 283 (56.49%) of these
individuals considered mature (gonad stage three for males; three and four for females).
Across the sampled population used in this study, 78.45% (n = 222) of the cohort were
categorised as mature from the Berwickshire group and 21.55% (1 = 61) from the Northum-
berland group. The smallest carapace width (mm) recorded was 60 mm and the largest
being 209 mm (Figure 3. The smallest recorded wet weight (g) was 25.2 g and largest
being 1345 g (Figure 4). Location-specific results showed that of those collected in Berwick-
shire, 222 were considered mature (190 males, 32 females) out of 437 individuals (313 male,
124 female). Morphological measurements showed a carapace width range of 72-209 mm
and wet weight range of 50-1345 g. Those collected in Northumberland, 61 were considered
mature (56 males, 5 females) out of 332 individuals (88 males, 144 females). Morphological
measurements showed a carapace width range of 60-186 mm and a wet weight range of
25.2-810.6 g. All females were assessed for the presence of sperm plugs, nine females in
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Berwickshire and 25 females in Northumberland presented sperm plugs. Black spot was
also recorded as a measure of condition for the health of the individuals sampled. A total
of 31 individuals in Berwickshire and 11 individuals from Northumberland were shown
to have black spot present. Out of all individuals collected and sampled, 76 had their left
claw measured due to missing or re-growing right chela. Of these 76 individuals, 49 were
collected from Northumberland (males = 32, females = 17) and 27 from Berwickshire
(males = 19, females = 8). Condition of the individuals did not greatly differ between the
regions of sampling, those sampled from Berwickshire; males averaged 2.14 + 0.06 and
females 2.21 4 0.10. Those sampled from Northumberland showed the greater condi-
tion indices on average, with males 3.17 £ 0.08 and females 2.78 + 0.10, showing worse
conditioned individuals. A full summary of the measurements taken is presented in Table 6.

Carapace Width (mm) - Berwickshire Carapace Width (mm) - Northumberland
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Figure 3. Carapace width (mm) of the Berwickshire (n = 437; (Males = 313, Females = 124)) and
Northumberland (1 = 332; (Males = 188, Females = 144)) C. pagurus sampled cohorts. The red dotted
line highlights the mean carapace width (mm) for each population separated by sex.
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Figure 4. Wet weight (g) of the Berwickshire ((n = 437); (Males = 313, Females = 124)) and Northum-
berland ((n = 332); Males = 188, Females = 144) C. pagurus sampled cohorts. The red dotted line
highlights the mean wet weight (g) for each population separated by sex.
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Table 6. Mean and standard error of the morphometric measurements taken during the pre-dissection
stage of each C. pagurus individual from both regions.

Region Sex CW (mm) WW (g) CI MS CL (mm) CD (mm) CH (mm) HW(g) GS
Berwickshire M 14176 £1.05 50352+1260 214+0.06 3.164+0.03 34514039 23224029 37.18 £ 043 33.44 £0.77 2.4540.04
F 140.48 +1.99 436.33 £ 19.93 221 £0.10 3.11 £0.07 27.57 £ 0.46 18.18 £ 0.29 29.50 £+ 0.46 69.55 + 34.72 229 £0.11
Northumberland M 121.03 £ 1.63 222.89 +9.40 3174+0.09 2.89+0.05 2675+055 17.55+0.40 29.04 £ 0.63 11.65 + 0.70 1.99 £ 0.06
F 11856 +2.07 21634 +£1265 2.78+£0.11 270+£0.06 2320+046 1477 +0.30 24.83 + 048 11.59 + 0.90 1.93 £0.12

Frequency

F

Note: All data are presented as mean + sem. Abbreviations in the table are as follows: CW—carapace width,
WW—wet weight, CI—condition index, MS—moult stage, CL—chelae length, CD—chelae depth, CH—chelae
height, HW—hepatopancreas weight, and GS—gonad stage.

3.1. Physiological Maturity

Physiological maturity (CWsq) was considered using the maturity stages three for
males and three—four for females. Following the logistic regression with bootstrapping, it
was considered that the size at which gonadal maturity was met for 50% of the population
to be 108.5 mm (95% CI, 97.7-116.4 mm) for males in Berwickshire and 109.9 mm (95% CI,
105.9-113.5 mm) for those in Northumberland (Figure 5. For females, this was 126.8 mm
(95% ClI, 122.2-130.9 mm) in Berwickshire and 120.8 mm (95% CI, 117.2-125.3 mm) in
Northumberland (Figure 5). In both regions, the females showed maturity at larger carapace
widths when compared to males. Considering the ogive results, the C. pagurus in the
Northumberland district would be mature at the current MCRS of 130 mm, and the same
for the C. pagurus cohort from Berwickshire under the current Scottish MCRS of 150 mm.
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Figure 5. Male and female gonad maturity of the C. pagurus cohorts sampled from Berwickshire and
Northumberland. The point at which 50% of the population are said to be mature is highlighted in
red (CWs), with confidence intervals (95% CI) shown by the blue dashed lines.

3.2. Morphometric Maturity

Segmented regression was used to calculate the carapace width (mm) in which there
were changes in allometry relationships as described in [23]. The parameters used chelae
length (mm), chelae depth (mm), and chelae height (mm) in regard to male C. pagurus.
Outputs from the segmented regression for the male individuals in Berwickshire showed
the chelae length break point (BP) at 119.07 £ 12.37 mm (mean =+ sem), chelae depth
breakpoint (BP) at 83.99 4+ 7.33 mm (mean =+ sem), and chelae height breakpoint (BP) at
137.99 £ 9.77 mm (mean =+ sem). Outputs from the segmented regression for the male in-
dividuals in Northumberland showed the chelae length break point (BP) at 129 £ 6.72 mm
(mean =+ sem), chelae depth breakpoint (BP) at 119.67 & 5.68 mm (mean =+ sem), and chelae
height breakpoint (BP) at 129 &+ 4.77 mm (mean + sem).
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Using the sizeMat package in R Studio to determine the morphometric maturity of
the C. pagurus individuals sampled in both regions, the relationship (linear regression)
between carapace width (mm) and chelae height (mm) was tested. This method allowed for
morphometric maturity analysis of females. In Berwickshire, the carapace width at which
morphometric maturity was met for males was 141.1 mm (R? = 0.7, CI = 139.4-143 mm) and
134.7 mm (R? = 0.89, CI = 132.8-136.8 mm) for females. In Northumberland, carapace width
at which morphometric maturity was met was 130.1 mm (R? = 0.84, CI = 128-132.5 mm)
for males and 120.8 mm (R? = 0.64, CI = 117.2-125.3 mm) for females. A summary of the
results from both regression analyses used can be seen in Table 7.

Table 7. Summary of outputs from the regression analysis (segmented and linear) considering the
relationship between carapace width (mm) and other morphometric measurements (chelae height
(CH), chelae depth (CD) and chelae length (CL) (mm)) from sampled individuals of C. pagurus from
Berwickshire and Northumberland.

. Measurement Segmented Linear
Region Sex N . .
(mm) Regression Regression
Slopes BP (mm) R? R? BP (mm) CI
Berwickshire CH M 308 0.187,0.233 137.99 +9.77 0.85 0.7 141.1 139.4-143
CD M 308 0.108, 0.125 83.99 £7.33 0.76 0.83 142.3 140.9-143.7
CL M 308 0.166, 0.225 119.06 + 12.37 0.86 0.86 153.3 151.8-154.9
CH F 0.89 134.7 132.8-136.8
Northumberland CH M 170 0.178, 0.266 129 +£4.77 0.92 0.84 130.1 128-132.5
CD M 170 0.105, 0.155 119.67 + 5.68 0.89 0.92 121.8 120.4-123.3
CL M 170 0.012, 0.015 129 £ 6.72 0.89 0.93 121.2 119.9-122.5
CH F 0.64 120.8 117.2-125.3

Note: The segmented regression is associated with the morphometric maturity and the linear regression is
associated with the gonad maturity. BP is the estimated carapace width breakpoint.

3.3. Hepatopancreas Weight and Hepatosomatic Index (HSI)

In Berwickshire (Figure 6), the hepatopancreas wet weight was significantly different
dependent on the gonad maturity stage of both sexes (F-value = 5.59, p < 0.05), in which
gonad maturity stages two, three and four (p < 0.05) were different to gonad stage one.
Hepatopancreas weight for males with gonad stages one, two and three (p < 0.05) was
significantly different to females of gonad stage two. In comparison, for both sexes in
Northumberland (F-value = 31.82, p < 0.05) (Figure 6) their hepatopancreas wet weight
was significantly different between gonad stage one and all other sex-specific gonad stages
(p <0.05). Gonad stage four in females was significantly different to gonad stages two,
three and five (p < 0.05). Variations in hepatopancreas weight were found between the
sexes at different C. pagurus gonad stages in Northumberland. Gonad stage one in males
was significantly different to gonad stage two in females (p = < 0.05). Male gonad stages
one, two and three (p < 0.05) were significantly different to female gonad stage four. Only
gonad stages one (p < 0.05) and two (p = 0.01) in males showed significant difference from
female gonad stage five.

The HSI values for the Berwickshire-sampled individuals showed significant difference
by gonad maturity stage (F-value = 61.83, p < 0.05), sex (F-value = 23.93, p < 0.05), and
gonad stage as a covariate with sex (F-value = 11.78, p < 0.05). Contrastingly, the HSI for
the individuals sampled from Northumberland showed no significance for gonad stage
(F-value = 0.25, p = 0.90), sex (F-value = 0.78, p = > 0.05), or as covariates (F-value = 0.02,
p =0.97). Further results indicated that the HSI of the gonad stages one and two are
significantly different to all other gonad stages (p < 0.05). There was a significant difference
between gonad stages five and three (p = 0.01). Differences found between covariates
indicated that gonad stages one and two in males showed significant difference to the female
gonad stages two, four, and five (p < 0.05). Male gonad stage three showed significant
difference from female gonad stage two (p < 0.05). The condition of the individual was
shown to affect the HSI of the individuals (Anova, F-value = 5.80, p < 0.05), in particular
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that condition stage three was significantly different to stages one and two (Tukey HSD,
p < 0.05). As covariates, condition and sex did not seem to affect the HSI value (Anova,
F-value = 1.12, p = 0.34). This considers those sampled from Berwickshire (Figure 7), as
for those in Northumberland (Figure 7) the opposite occurred, as covariates condition and
sex affected the HSI significantly (Anova, F-value = 6.00, p < 0.05). Condition stage one in
males was significantly different for condition stages four and five (Tukey HSD, p < 0.05).
Condition stage four was significantly different to stage two (Tukey HSD, p < 0.05) for
males. The HSI values were also significantly different between the first condition stages in
males and females in Northumberland (Tukey HSD, p = 0.02). As separate factors, condition
(Anova, F-value = 1.62, p = 0.16) and sex (Anova, F-value = 0.32, p = 0.57) did not affect HSI
in Northumberland.
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Figure 6. Hepatosomatic index (HSI) of both sexes considering all gonad maturity stages from
individuals sampled in Berwickshire and Northumberland. Data are presented as mean + sem.
Circles indicated in the image present outliers post data analysis.
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Figure 7. Hepatosomatic index (HSI) based on the condition and sex of the individuals sampled from
Berwickshire and Northumberland. Data are presented as the mean + sem. Circles indicated in the
image present outliers post data analysis.

3.4. Gonad Weight and Gonadosomatic Index (GSI)

The GSI values for the sampled individuals were separated by region of sampling.
For those sampled from Berwickshire, the GSI was significantly different regarding sex
(F-value-56.76, p < 0.05) and gonad stage (F-value = 40.99, p < 0.05) following linear regres-
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sion (R? = 0.42, p < 0.05). For those individuals from Northumberland, the GSI was signifi-
cantly different for sex (F-value = 25.74, p < 0.05), gonad stage (F-value = 3.38, p = 0.04), and
condition index (F-value = 5.23, p = 0.02), following linear regression (R? =0.35, p < 0.05).
The GSI for males showed no great difference between the condition indices in Berwickshire,
but showed a relatively incremental change with condition indices in Northumberland
(Table 8). The GSI of the females showed the greatest value during condition index two in
both regions (Table 8).

Table 8. The gonadosomatic index for each condition index based on sex of the individuals.

Sex Condition Index Gonadosomatic Index (GSI)
Berwickshire Northumberland
M 1 2.32 +0.09 1.60 + 0.51
2 2.15 4+ 0.10 1.28 +£0.16
3 1.95 +£0.21 2.07 +0.37
4 2.80 4 0.21 2.61 £+ 0.31
5 2.87 +£0.19 2.65 + 0.30
F 1 4.86 + 0.87 511+ 1.86
2 7.39 £ 1.29 6.03 £ 3.05
3 1.37 £ 0.41 2.34
4 4.06 4+ 0.83 NA
5 4.40 NA

Note: The table presents the gonadosomatic index for the sampled individuals from Berwickshire and Northum-
berland as mean + sem. No individuals collected from Northumberland were categorised as condition indexes
4 and 5. Only one female individual was category 5 from the Berwickshire cohort and category 3 from Northum-
berland. NA indicated in the table highlights non applicable values as no sampled female individuals (n = 0) from
Northumberland were considered condition index value 4 or 5.

4. Discussion
4.1. Physiological Maturity

The size at onset of sexual maturity based on the gonad characteristics used in this
study highlights a difference between the study regions of Berwickshire and Northum-
berland (Figures 8 and 9). Across the sampled population, 78.45% of the cohort were
categorised as physiologically mature from the Berwickshire group and 21.55% from the
Northumberland group. Previous studies have shown that C. pagurus with carapace widths
of <100 mm can equate to 38% of the sampled cohort of which 25% females and 50% of males
were deemed physiologically mature; this was not found for individuals in Berwickshire or
Northumberland [7,26]. Males showed a 1.4 mm CWs difference between Berwickshire
and Northumberland, with those exhibiting a greater CW5p in Northumberland. Males
are considered to reach sexual maturity at smaller sizes than females [7,27]. Contrastingly,
females in Northumberland expressed a lower CWjs( than those in Berwickshire with a
CWs difference of 6 mm between the regions. The ability for males to mature at smaller
sizes could be of benefit by improving the probability of mating success in populations
where the ratio is in favour of females and competition is higher. Discrepancies between re-
gions in relation to sexual maturity is common, as previous studies have shown that males
can express a CWs5g range of 56-125 mm and females 86-133.5 mm across the UK, and in a
recent study by [8] the CWj5( for East Scotland was 101-106 mm for males and 127-128 mm
for females which coincides with the results found in the literature [8,11,28]. Previous
reports from stock assessment surveys by NIFCA suggested a CWs of 89.5 mm for males
and 111.6 mm for females [29]. The female CWs5( value from this assessment follows suit to
the value of [28] at 112 m; however, from this study there is a 8-14 mm difference when
both locations are considered which suggests a regional variation across a latitudinal range.
It should be stated that the study by [29] used parameters specified by CEFAS (The Centre
for Environment, Fisheries and Aquaculture Science), which are used for their assessments,
to inform stock assessments rather than specific SOM. In this study, an increase of 20.4 mm
for males and 9.4 mm for females over the three-year period was reported (2019-2021).
This increment in CWs( could be due to the smaller sample size (1 = 332) compared to the
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stock assessment by NIFCA (n = 11811) [29]. The current MCRS values for these regions
(150 mm for Scotland and 130 mm for England) are appropriate for each respective region,
allowing 50% of the populations to reproduce before the probability of being harvested. It
has been suggested that the regional variations could be due to the availability of sexual
partners, population density, and environmental factors [7,8,10,12,19,30-32]. Environmen-
tal factors such as temperature and chemicals have been suggested as a determinate of
ovary maturation, with warmer waters associated with lower SOM and chemicals associ-
ated with embryonic mortality and lower egg production [32-34]. Growth rates vary after
the puberty moult whereby the females express more energy into reproduction than the
males [9,31]. It is suggested that static gear contain disproportionately greater numbers of
larger crabs than the use of trawling and other active mobile methods of fishing [7]. The
period of sampling covered the months of September 2020 and April/May 2021. It has been
suggested that the spawning period of C. pagurus is in the winter months [13] and more
specifically between November and January [12,29], suggesting that the cohort selected for
this study would have been in their final stages of reproduction. From all 768 individuals
sampled, only two females bore eggs. Thus, no functional maturity conclusions could
be suggested in this study. Ovigerous females are rare to catch using commercial fishing
methods [19,35,36] which has been suggested due to nesting behaviours and burying in
finer sediment offshore. It has been observed that the typical carapace width range for
females bearing eggs is between 113 mm and 144 mm in Northern Europe with a minimum
size of 129 mm associated with samples in Northern England [21] and with increasing size
comes greater fecundity in this species [14,37]. Associating this minimum size from [37] to
the female CWs values in this study, it would be suggested there are mitigative measures
to allow breeding before removal from the fishery. However, this only considers 50% of
the population and there may be individuals removed at larger sizes bearing eggs which
are regarded as the minimum size for the stock. Females were observed for presence of
sperm plugs to which a total of 34 individuals (Berwickshire: 9; Northumberland: 25)
presented one or two sperm plugs. The size of females presenting sperm plugs ranged
from 112 to 186 mm in Northumberland and 118 to 170 mm in Berwickshire which is
lower than the resultant ~80 mm shown in previous studies [8,17]. It is suggested that the
presence of behavioural maturity is met at lower carapace widths than suggested from the
gonadal maturity results in this study [8,17]. Females are considered fully mature when
gonadal and morphometric maturity are met [8,17], such as the production and carrying of
eggs [8,17,34]. Males are considered mature when copulation is successful [21]; however,
in this study six individuals (Berwickshire: four (CW: 129-174 mm); Northumberland: two
(CW: 129-166 mm)) only presented one teste (carapace width: 129-174 mm). It is unknown
whether this affects the success rate for copulation in these males. The interpretation of
these results should be that this is not representative of the whole C. pagurus population
sampled from Northumberland and Berwickshire. Using commercial vessels which were
utilised to collect undersized individuals primarily with NIFCA deployed creels collecting
those from a broader size range. It could be suggested that this would skew the data,
therefore influencing the percentage of those deemed mature. However, the size range as
presented in Figures 3 and 4 shows that the size distributions in each region (Berwickshire:
72-209 mm; Northumberland: 60-186 mm) did not vary heavily and therefore could be
said that the results are representative, which is supported further by [38] who sampled a
wide size range of C. pagurus representative of the commercial fishery but also suggested
that this be considered when interpreting the results.
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Figure 8. Heat map of the gonad maturity stages for both male (17 = 313) and female (n = 124)
C. pagurus individuals sampled in Berwickshire (55.902769, —2.128988). Gonad maturity stages three
and four were considered as they correspond to sexual maturity for both sexes. The white colour of
the map highlights the later maturity stage; in this case, gonad stage four, with gonad stage 3 emitting
the pink/purple colour.
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Figure 9. Heat map of the gonad maturity stages for both male (n = 188) and female (n = 144)
C. pagurus individuals sampled in Northumberland (55.137154, —1.437651). Gonad maturity stages
three and four were considered as they correspond to sexual maturity for both sexes. The white
colour of the map highlights the later maturity stage; in this case, gonad stage four, with gonad stage
three emitting the pink/purple colour.
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4.2. Morphometric Maturity

Using morphometric measurements to determine onset of sexual maturity is common-
place in fisheries research [7,8,21,26,30,31,33]. When discussing the size at sexual maturity,
morphometric data must be considered as an estimate due to the regional variations in
individuals” growth rate and age at maturation [26]. The typical metric for males is the
chelae and the abdominal flap widths for females as they indicate sexual dimorphism [7,26];
however, in the present study the same metrics were used across both sexes, the carapace
width and chelae height, which followed the protocol of the sizeMat package. Behaviours
indicative of courtship and combat signify a change in the allometry of male chelae, whereas
a change in abdominal width for females relates to the accommodation of egg clutches [27].
It may be suggested that the nuance of sexual dimorphism in the females sampled may
be lost due to the lack of abdominal flap measurements used in the analysis. The onset
of sexual maturity based on the morphometrics on chelae length and carapace width was
assessed by [31], whereby the allometry was met at 107 mm for males and 155 mm for
females. Considering the results from the segmented regressions, males in Berwickshire
(119.06 mm) and Northumberland (129 mm) show morphometric maturity at much greater
sizes. Using morphometric measurements as the sole method of assessing maturity in this
species provides inadequate results, as mentioned in [7,8], as mature males are underesti-
mated, and mature females are overestimated. In this present study, the difference in the
morphometric and gonadal maturity estimates varied. A difference of 32.6 mm for males,
7.9 mm for females in Berwickshire and a difference of 20.2 mm for males in Northumber-
land was found. Only the females from the Northumberland cohort showed no variation
in estimates between the morphometric and gonadal CWs5( values. A sex difference in
maturation was stated by [15,26,27] in that males mature at smaller sizes than females
which was stated to be documented by [10] also. This pattern of smaller maturation sizes in
males compared to females was not found in both regions. A carapace width size difference
of 6.4 mm in Berwickshire and 9.3 mm in Northumberland was observed, if morphometric
maturity is considered solely. Sample size for the present study was much greater than
that of [26], which could contribute to the contrast in patterns regarding smaller sizes of
maturation in males. Fecundity of C.pagurus significantly increases with the size of the
female carapace [14]. It has been recorded that age of maturity for female C. pagurus is
four years which was the oldest age of maturation recorded by [14], and the reproductive
cycle was predicted to be seven years which included an annual or two annual broods [14].
Fishing pressure is documented to change growth patterns over ecological and evolutionary
time periods [7,28]. In this instance, ecological change by fishing pressure may suggest
the change in SOM for the Northumberland cohort when NIFCA historic data in [33] are
compared with this study. The NIFCA Byelaw: “Crustacea and Molluscs Permitting and
Pot Limitation” states commercial fishermen in the district are limited to 800 fishing pots,
whereas in the Berwickshire region there is no pot limitation. The fishing pressure in
each region greatly varies and therefore regional variances in the size at onset of maturity
would be expected, considering the suggestion by [7]. By applying movement tracking
to the wider C. pagurus population, the ability to highlight whether these populations are
indicatively different would show whether these populations are subject to variations in
fishing pressure as we cannot suggest whether mature individuals migrate to and from
these regions and thus affect the general SOM in each respective region.

4.3. Hepatopancreas Weight and Hepatopancreas Index (HSI)

It has been suggested that the HSI values in edible crab follow a capitalist strategy [7,21].
This suggests that the energy used in reproduction is not recovered post mating. HSI is a
means of understanding the stored fats in the individual [7,21], as well as the reproductive
cycle of gamete production in both sexes [7,16,21,26]. In this study, it could be perceived
that this trend of energy loss during reproduction and lack of recovery post mating is found
in the sampled population from Berwickshire but not for those from Northumberland
(Figure 6). Not only from reproduction, but other factors could suggest the variations in HSI
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values such as the redirection of energy to chelae and limb regrowth and the negative effects
of black spot disease whereby an energy deficiency is met when the health of the individual
worsens, influencing the individual to divert energy stores towards reproduction [17,37].
Further investigation into factors, such as sea temperature and diseases, that could influence
the HSI values of this species is required.

4.4. Gonad Weight and Gonadosomatic Index (GSI)

The GSI is determined as the means of measuring the reproductive timing of the
individual as well as the spawning season for a group [39]. It was found that the GSI was
significant to sex, gonad stage, and condition of the individual (Table 8). Similar results
were found in [7]. Only in Berwickshire, the GSI was not significant with condition. The GSI
generally increases with gonad stages following the maturation cycle of the individuals [40].
This has been observed by [16], and also in the present study (Table 8). GSI has also been
shown to increase with black spot disease and in individuals considered to be in poor
health [17,18,26], suggesting that in times of physical stress the individual will redirect
energy into reproduction but there is no evidence of such behaviour.

5. Conclusions

This study highlights the variations between regions regarding the size at which sexual
maturity is reached in the commercially important C. pagurus. The SOM (108.5-126.8 mm)
found in this study allows for the maturing population to reproduce at least once before
they are fished from this stock when related to the specific MCRS standards in both regions
(150 mm Berwickshire and 130 mm Northumberland). It would be suggested then that
the current MCRS values are effective at maintaining a viable brood stock for both regions.
However, the variation in these regions still warrants the need for localised and regional
monitoring of this species. A consistent monitoring procedure would be of benefit as
anecdotal evidence suggests that fishermen are landing the 130 mm-sized individuals in
Northumberland to counter the 150 mm legal limit in Berwickshire. NIFCA, through their
monitoring activities, have a greater understanding of their fishery than would be stated
for Berwickshire. Monitoring in Scotland is conducted over a larger scale which limits
the nuances that are apparent in smaller, more localised, marine areas and therefore this
study provides information that is specific and not generalised to Berwickshire. Further
investigation into cross landing of sized individuals is required as removing individuals
from the population that are not meeting the regional SOM may lead to a reduction in the
stock. The data collected in this study provide a baseline for the region of Berwickshire,
whilst providing additional information to the Northumberland Inshore Fisheries and
Conservation Authority (NIFCA).
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Abstract: C. pagurus and H. gammarus are deemed to be declining in abundance in the Berwickshire
Marine Reserve from personal communications with local inshore fishers. Fisheries data in the form
of catch per unit effort (CPUE) were collected for these two commercially important decapods. Other
explanatory variables from fishing activity such as the creel and bait type used, the soak time of the
fishing gear, and deployment depth were recorded to provide as much detail as possible to describe
the effort applied to catch these decapod species. In this study, CPUE was higher for H. gammarus and
C. pagurus outside the Berwickshire Marine Reserve. General additive models (GAMs) were used
to describe the effects of the explanatory variables and showed that soak time (days) and depth (m)
significantly affected CPUE for C. pagurus, not H. gammarus. Sea temperature (°C) showed a negative
correlation with the CPUE of both H. gammarus and C. pagurus; however, a positive correlation was
found with the number of C. pagurus caught. The data collected in this study provide a foundation in
understanding the current abundance of C. pagurus and H. gammarus in a voluntary marine reserve
on the east coast of Scotland, which can be used to inform future changes in fisheries management
in Berwickshire.

Keywords: catch per unit effort; Cancer pagurus; Homarus gammarus; fisheries
Key Contribution: The abundance of C. pagurus and H. gammarus, described in the form of catch per

unit effort, highlights a potential overexploitation of the commercially important species inside the
Berwickshire Marine Reserve.

1. Introduction

Pressure is applied to shellfish fisheries, such as C. pagurus and H. gammarus, to
compensate for recovering finfish fisheries for food security [1,2]. However, it is suggested
that C. pagurus and H. gammarus are deemed “fish to avoid” by the Marine Conservation
Society [3]. With contradicting statements, there is a clear need for as much information as
possible to fully understand the sustainability status of commercially important species
in the Berwickshire region. Personal observations highlighted that many inshore fishers
suggest a decline of both H. gammarus and C. pagurus in the region, which these fishers fully
depend on for financial support. C. pagurus stocks are currently misunderstood regarding
their current level of exploitation [4]. In the region of Berwickshire, based on statistics from
Eyemouth Harbour (55.871697, —2.087245), there are around 62 creel fishing vessels under
10 m in length and 3 vessels over 10 m typically fishing for C. pagurus and H. gammarus [5].
These vessels are below 12 m in length and are regarded as part of the inshore fishing
fleet [6,7]. In the 10.3 km? Berwickshire Marine Reserve, fishers contribute to 91-97% of
the annual value of landings in the U.K., of which in 2019 this contribution was 19% [5,8].
In 2020, the C. pagurus fishery for Berwickshire (Eyemouth Harbour) was valued at GBP
567,000, and the H. gammarus fishery was valued at GBP 2,565,000 [5]. Although generating
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valuable annual income to the U.K. economy and to the local economy of Berwickshire, it
is believed that U.K.-wide C. pagurus and H. gammarus fisheries are overexploited or close
to overexploited [2].

Catch per unit effort (CPUE) is a common tool for monitoring and reporting fish pop-
ulations through analysis of commercial landings to provide an abundance index [2,9,10].
If the resultant CPUE is declining, this may indicate a fishery that cannot support the
level of fishing it experiences; likewise, an increasing CPUE can indicate the fished stock
is recovering and potential increases in fishing activity may be applied with appropriate
management [11]. In addition to landings data, morphometric data (wet weight (g) and
carapace length/width (mm)), can be added to understand the growth and health of the
fished stock [12]. With all forms of fishing, there are variables that can influence the fishers’
catch. Pots, or creels, are a form of fishing using various bait types. They can be fitted with
panels for undersized or unwanted bycatch to escape and can vary structurally with the
inclusion or exclusion of one or more “eyes” (the entrance to a fishing creel). Inter- and
intra-specific interactions between individuals within the vicinity of the fishing creel can
also influence the individuals that enter and leave a creel [13]. In addition, the season [14],
soak time [15,16], and environmental changes can potentially lead to a misinformed calcu-
lation of CPUE, abundance, and size distribution for a locale [15,17,18]. To understand such
a complex system, these variables should be considered in fisheries assessments, although
they currently are not; therefore, interpreting CPUE data fully should be undertaken with
caution. Furthermore, collating specific information from individual fishing vessels such
as the location of creel hauling, the number of creels per fleet, and soak time for each fleet
can provide a full description of the CPUE, particularly for mixed trap fisheries [2]. CPUE
is generally standardised using statistical methods such as general linear models (GLMs)
and general additive models (GAMs), which allow for descriptions of CPUE with greater
detail by considering such variables; however, this still does not provide a full descriptor
for abundance in real terms as it cannot correlate well with the statistical output of such
tests [19,20].

Marine reserves and other protected marine designations are becoming more appar-
ently used to mitigate the declining biodiversity currently observed worldwide [21-23].
Most of these designations are backed by legislation; however, in the case of the Berwick-
shire Marine Reserve, it is a voluntary designation. The Berwickshire Marine Reserve is one
of three other statutory reserves on the Berwickshire coastline; of these, one is a special area
of conservation, the Berwickshire and North Northumberland SAC, and the other prevents
the use of mobile fishing gear, the Static Gear Reserve (Figure 1). Therefore, static gear
fishing is the primary form of fishing within and outside the Berwickshire Marine Reserve.
At present, the only management protocol for this fishery is the current minimum landing
size for both C. pagurus and H. gammarus, which is 150 mm and 90 mm, respectively [24].
The number of creels associated with each inshore fisher is not limited, and therefore, there
is an increasing interest in creel limitations, which have started with pilot studies on the
west coast of Scotland [25]. Currently, there is no scope for such a limitation in Berwickshire,
and anecdotal data from local inshore fishers suggest some vessels are deploying over
1000 creels, with one extreme case of 10,000 creel deployments. Inshore fishing vessels are
not required at present to utilise vessel tracking technology, and therefore, monitoring of
these vessels’ fishing activity regionally is not common practice either. However, this is
soon to change with the current inshore modernisation programme detailed in the “Bute
House Agreement” and “fisheries management strategy 2020 to 2030 delivery plan” which
aims to enhance monitoring activities of the inshore fishing fleet using onboard vessel
technology [26] as this sector is poorly reported and understood. The data collected from
these monitoring systems will allow areas of fishing activity to be monitored, which can
aid the understanding of fishing effort in a more regional context. Without current context
and understanding of the CPUE in Berwickshire, the means of assessing the effects of new
management or legislation are limited.

52



Fishes 2023, 8, 390

Figure 1. Habitat map of the Berwickshire coastline (55.912714, —2.109902) that includes the mixing
of substrate types in and outside the Berwickshire Marine Reserve designation. The habitat map was
provided by Blue Marine Foundation.

This study aims to provide information for a data-limited fishery in a voluntary marine
reserve to understand the local C. pagurus and H. gammarus abundance in the Berwickshire
Marine Reserve. We incorporate local inshore fishers that conducted independent onboard
assessments from 2018 to 2019 to collate information on CPUE for these species. Included
in the assessments are bait type, creel type, and environmental variables, such as sea
temperature (°C), dissolved oxygen (%), and salinity (ppt) which cover many of the factors
that could influence CPUE.

2. Materials and Methods
2.1. Study Area

The Berwickshire Marine Reserve (55.912714, —2.109902) covers an open sea area of
10.3 km? (Figure 1) which extends out from the Berwickshire coastline to a 50 m depth
contour. Within this designation, the habitat is formed from rocky outcrops interspersed
with patches of sand (Figure 1). The BMR is situated within the Berwickshire and North
Northumberland Special Area of Conservation (SAC). The SAC covers an area of 652 km?,
from Alnmouth in the south to Fast Castle Head in the north, which includes the St. Abbs
and Eyemouth Static Gear Reserve which covers 26 km? and extends one nautical mile
offshore from St. Abbs Head in the north to the Scotland-England Border in the south. On-
board independent surveys took place within the Berwickshire Marine Reserve, Southeast
Scotland, U.K. (55.912714, —2.109902), and outside this designation (Figure 2). In the local
area, the fishing season for both species is typically all year round; however, the intensity
of fishing activity is greater in the summer months for H. gammarus and in the winter and
spring months for C. pagurus, which can be indicated by the fluctuating annual market
value of these decapods.
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Figure 2. Creel fleet locations from all CPUE surveys between 2018 and 2019. Creel fleets are separated
by colour representing each fishing vessel used. The white outline highlights the Berwickshire Marine
Reserve designation (55.912714, —2.109902). Orange and yellow dots were categorised as inside the
Berwickshire Marine Reserve designation, and red, green, and blue are located along the Berwickshire
coast and categorised as outside the marine reserve.

2.2. Onboard Surveys

In the period between 2018 and 2019, catch per unit effort (CPUE) surveys were
conducted using 5 local inshore fishing vessels of sizes 12 m or less. The local fishing
vessels used were berthed in either St. Abbs Harbour (55.899190, —2.129224) or Eyemouth
Harbour (55.871697, —2.087245). Surveys were conducted throughout the primary fishing
season, with the number of surveys decreasing towards the winter months due to lower
fishing activity in response to adverse weather. Surveys generally occurred between the
times of 0600 h-1500 h, with each survey varying in duration from 1 to 8 h. Multiple
creels are fished as fleets. The number of creels deployed in each surveyed fleet reached
a maximum number of 45, with some surveys including single pots which are known
as single enders in the local area. Fleets were deployed in a random method, as fishers
deployed fleets as they would during normal fishing activity. The creels used by the local
inshore fishers varied from single hard-eye to double soft-eye parlours (Figure 3). The
variation between the creel types used is dependent on the entrance, known as the eye, and
the number of eyes per creel. Eyes can be either made from netting, termed soft eyes, or
from a hard plastic 6-inch ring termed a hard eye. Typically, the rest of the creel structure is
built from a 38-inch frame of either plastic or metal and laced with rope made from a nylon
material (Figure 3). Each fleet of creels was deployed in a depth range between 5.2 m and
32 m which varied depending on the fishing vessel used and the month of the year. The
length of time creels were deployed, known as soak time, was recorded in days and ranged
from 1 to 7 days. Creels used in this study were typically not fitted with escape panels as
this is common for the area. All vessel names and locations of creel retrievals were recorded
using their onboard GPS or by handheld GPS which all onboard surveyors carried. The
recording of all CPUE data was conducted by two members of staff from St. Abbs Marine
Station and two staff rangers from the Berwickshire Marine Reserve (BMR).
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Figure 3. Creel types used from all fishing vessels during the sampling period. No escape panels
were used on any of the creels sampled over the survey period. The creels shown in the figure were
not used during the study. These are used to present a visual representation of the creels utilised by
the local inshore fishers. Image 1 shows a single hard-eye parlour and image 2 is a single soft-eye
parlour. Image 3 shows a double soft-eye parlour and image 4 is a double hard-eye parlour. Lastly,
image 5 shows a prawn parlour which is smaller in size and is fitted with two entrances.

2.3. CPUE

Catch per unit effort (CPUE) (kg per dayfl) was calculated for each onboard survey.
For data collected in 2019, landing per unit effort (LPUE) (kg per day ') and net retrieval
per unit effort (NRPUE) (kg per dayfl) were also measured. LPUE is the number of
individuals of landing size (>85 mm H. gammarus; >140 mm C. pagurus) or above based
on the number of creels hauled, and in contrast, the NRPUE is the number of individuals
below the landing size.

CPUE — Total number of target species per fleet

Number of creels per fleet

Total number of landing sized individuals per fleet
Number of creels per fleet

LPUE =

Total number of undersized individuals per fleet

NRPUE =
U Number of creels per fleet

All bycatch was recorded using the common species name and the number of individ-
uals present in each hauled creel. As the number of Necora puber, which are deemed bycatch
by the inshore fishers, caught was so high, they were included in the CPUE assessments as
they can be collected and sold by the local inshore fishers.

2.4. Environmental Data

Environmental data such as sea surface temperature (°C), dissolved oxygen (mg/L),
salinity (ppt), and lunar phase (%) were recorded on each day an onboard survey was
conducted. These data, except lunar phase, were collected using a YSI ProSolo digital water
quality meter probe deployed at sea before each fleet haul. Data were rounded to two
decimal places for analysis. Lunar phase data were collected on each onboard survey day
from a meteorological website (Willyweather.co.uk accessed on 1 June 2018).

2.5. Statistical Analyses

All statistical analysis was conducted using R Studio (Version 1.1.463-© 2009-2018
RStudio, Inc., Boston, MA, USA) [27]. Data were inspected for normality of distribution
and equal variance using the Shapiro-Wilks test and Bartlett’s test. Histogram plots were
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used for visual inspection of normality distribution. Unpaired two-sample t-tests were
used to compare the number of individuals caught inside and outside the Berwickshire
Marine Reserve designation. To find any differences in the number of individuals caught
by year and soak time, Kruskal-Wallis tests were conducted. Pairwise Wilcox tests were
used to further the analysis of the Kruskal-Wallis tests to include month as a factor. Kendall
rank tau correlations were conducted to consider the effects of environmental variables
such as sea surface temperature (°C), salinity (ppt), and dissolved oxygen (mg/L) on
the number of target species caught and CPUE. Tau values of above 0 were indicative of
positive relationships, and values above 1 were regarded as highly positive. Tau values of
below 0 were indicative of negative relationships, with values below —1 regarded as highly
negative values.

General additive models (GAMs) were used to model the relationships of CPUE for
each target species in relation to the explanatory variables, as shown by the following:

CPUE ~ year + s(depth) + s(soak time) + boundary + bait + creel type

The complexity of the models was reduced by comparing the REML scores (restricted
maximum likelihood) and R? values. Models with a low REML score when compared to
the other tests were favoured. The models were fitted with a quasi-Poisson function due
to overdispersion in the initial models. Soak time (days) and depth (m) were selected as
isotropic smooths (s) based on the models used in [20]. Chi-square tests were then used to
assign which variables significantly influenced the CPUE of the target species. Significance
was assumed when the p-value was <0.05 for all statistical tests.

3. Results
3.1. Catch Composition

From both sampling years collectively, the total number of H. gammarus individuals
reached n = 3013, the total number of C. pagurus individuals reached n = 2117, and the
total number of N. puber individuals reached n = 3388. These numbers were collected
across a total of 23 surveys and 1897 individual creel pots (Table 1). In 2019, the number of
undersized individuals (<minimum landing size (<MLS)) was 834 for H. gammarus and
427 for C. pagurus. The soak time to catch the greatest number of H. gammarus (>MLS) was
7 days, although this was deemed insignificant (p = 0.07). However, for those H. gammarus
<MLS, significance was found for all soak times above 2 days (p < 0.05). A soak time of
5 days showed significance for the highest number of C. pagurus (<MLS) caught (p < 0.05).
Contrastingly, a soak time of 2 and 3 days proved to be significant compared to 7 days
(p = 0.03) when related to the number of N. puber caught.

Table 1. Total count of the boats, surveys, and creels used in this project. Data are separated by year
and show the total count for each group. Total number of H. gammarus, C. pagurus, and N. puber
caught over the surveys is shown.

Year No. of Boats  No. of Surveys  No. of Creels  No. of H. gammarus  No. of C. pagurus ~ No. of N. puber
2018 1 8 472 389 567 550
2019 5 15 1425 2624 (834 < MLS) 1550 (427 < MLS) 2838

Note: N. puber are not distinguished by a minimum landing size, and therefore, values are not separated similar
to H. gammarus and C. pagurus in the table. MLS is the abbreviation for minimum landing size (minimum landing
size 150 mm for C. pagurus and 80 mm for H. gammarus).

The number of H. gammarus (chi-square = 7.36, p = 0.02) and C. pagurus (chi-square = 32.37,
p < 0.05) decreased from 2018 to 2019, whereas the number of N. puber (chi-square = 83.60,
p < 0.05) increased. The number of H. gammarus increased between July (2018: 1.43 4 0.07,
2019: 1.26 £ 0.05) and August (2018: 1.67 £ 0.06, 2019: 1.35 4= 0.09) (p = 0.01). For C. pagurus,
in 2018, numbers decreased from July (2.28 + 0.10) to August (1.66 + 0.10), whereas in
2019, there was not a large discrepancy (July: 1.10 & 0.05, August: 1.18 £ 0.13) (p < 0.05).
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For N. puber, the number of individuals caught in August differed from those in July and
September (p < 0.05).

3.2. CPUE

CPUE data from 2018 for both C. pagurus and H. gammarus was highest in prawn
parlour creel variations (n = 2.92 and 1.85). The lowest values were recorded in double-eye
creels for C. pagurus (n = 0.94) and single-eye creels for H. gammarus (n = 0.57) (Table 2).
The CPUE of N. puber was found to be highest in single-eye creels (n = 2.26) and lowest
in double-eye variations (n = 0.83). In 2019, CPUE for H. gammarus was highest in hard-
and-soft-eye creels and lowest in prawn parlours (Table 3). For C. pagurus, CPUE was
highest in parlours and lowest in prawn parlours (Table 3). For N. puber, CPUE was highest
in prawn parlours and lowest in hard- and soft-eye creels, respectively (Table 2). In data
from 2019, NRPUE was greater than LPUE for all target species. NRPUE was highest for
H. gammarus (n = 1.29), whereas LPUE was lowest for C. pagurus (n = 0.31).

Table 2. CPUE for all target species in 2018-2019 based on pot types sampled.

No. of H. gammarus  No. of C. pagurus

Year Creel Type No. of Pots SMLS/<MLS SMLS/<MLS CPUE (L) CPUE(C) CPUE(V)
2018 Double-Eye 311 293 291 0.942 0.942 0.836
Single-Eye 146 70 235 0.570 1.520 1.650
Prawn Parlour 14 26 41 1.857 2.928 1.571
2019 Double-Eye 109 101/148 36/93 2284 1.183 112
Parlour
Double Soft-Eye 110 66/73 35/21 1263 0.509 28
Parlour
Hard- and 8 7/16 0/7 2.875 0.875 0.25
Soft-Eye
Hard-Eye 329 143/291 57/123 1.32 055 229
Parlour
Parlour 624 335/988 301/749 2.120 1.682 1.639
Prawn Parlour 44 21/21 1/5 0.954 0.136 3.659
Soft-Eye Parlour 144 86/302 25/73 2.69 0.68 2.36
Note: CPUE values for H. gammarus (L), C. pagurus (C), and N. puber (V) are presented for each pot type
sampled. Values are calculated by the number of individuals caught divided by the number of pots of the specific
creel type. The values shown for total number of H. gammarus and C. pagurus are separated by landing size
(>MLS)/undersized (<MLS). Numbers of H. gammarus and C. pagurus in 2018 were grouped and not separated
by landing size, as represented in the table.
Table 3. CPUE (2018-19) (mean =+ standard error mean) of the target species collected from all creels
hauled by the respective fishing vessel.
Year Vessel BMR Designation No. of Pots CPUE (L) CPUE (Q) CPUE (V)
2018 Vessel 1 In 468 0.82 £ 0.02 1.12 £ 0.04 1.17 £ 0.04
2019 Vessel 1 In 453 1.00 £ 0.02 0.37 £ 0.01 2.86 & 0.06
Vessel 2 In 256 1.28 £ 0.05 1.33 £ 0.05 1.53 £ 0.05
Vessel 3 Out 47 3.724+0.21 0.17 +0.03 1.344+0.13
Vessel 4 Out 370 2.75 + 0.04 1.31 £ 0.05 1.47 £ 0.05
Vessel 5 Out 299 2.16 £+ 0.04 1.80 £+ 0.07 1.80 £ 0.06

Note: Vessels are also separated by their fishing area inside or outside the Berwickshire Marine Reserve designation.

Regarding CPUE of the target species inside and outside the Berwickshire Marine
Reserve, for H. gammarus, it was greater outside (2.57 & 0.03) than inside (1.10 & 0.02) the
designation (t = 41.65, p < 0.05). This was also the case for C. pagurus (outside: 1.44 £ 0.04;
inside: 0.72 + 0.02) (t = 11.30, p < 0.05). Only the CPUE for N. puber was greater inside
(2.38 £ 0.04) than outside (1.60 £ 0.04). Regarding the number of these target species, both
H. gammarus (>MLS: 1.51 £ 0.04; <MLS: 2.39 + 0.05) and C. pagurus (>MLS: 1.62 + 0.07;
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<MLS: 2.91 + 0.18) were higher outside the designation. The number of N. puber caught
was greater inside (3.59 £ 0.11) the designation than outside (3.30 £+ 0.12) (t = —5.13,
p < 0.05).

In the analysis of GAM models of CPUE of both H. gammarus and C. pagurus, it was
found that the simpler model (CPUE ~ year + s(depth) + s(soak time) + boundary) was
deemed suitable based on the chi-square test results and REML scores (p < 0.05) (Table 4).
For N. puber, the more complex model was deemed more suitable in describing the changes
in CPUE (CPUE ~ year + s(depth) + s(soak time) + boundary + bait + pot type) (df = 15.95,
p < 0.05). The outputs from all models can be seen in Table 4. Considering each model,
soak time (days) was significant for CPUE for all target species (p < 0.05) (Figures 4-6).
Depth (m) also showed a significant effect on the model and CPUE for all models except
for H. gammarus (F = 1.87, p = 0.19) (Figure 5).

Table 4. General additive model outputs describing the relationship of CPUE of all target species with
depth, soak time, bait, creel type, and area in relation to the Berwickshire Marine Reserve designation.

Species Model REML R? Deviance Intercept: t-Value Intercept: p-Value
H. gammarus Model A —1381.5 0.63 63.9% —0.30 0.76
Model B —1575.7 0.72 71.7% —6.26 <0.05
Model C —879.7 0.52 41.7% —8.76 <0.05
C. pagurus Model A —1141.1 0.63 62.6% 16.27 <0.05
Model B —838.2 0.46 46.8% 1.66 0.09
Model C —580.83 0.33 31.2% 7.27 <0.05
N. puber Model A —547.58 0.18 15.8% —18.12 <0.05
Model B —686.55 0.25 26.1% —10.69 <0.05
Model C —895.07 0.42 42.7% -0.33 0.73

Note: Results include all data from all 5 fishing vessels across both survey years (2018-19). Significance was set at
p < 0.05. The models used are as follows: model A: CPUE ~ year + s(depth) + s(soak time) + boundary + bait;
model B: CPUE ~ year + s(depth) + s(soak time) + boundary + bait + creel type; model C: CPUE ~ year + s(depth)
+ s(soak time) + boundary. Best-fitting models were selected based on the REML score (the lower the score, the
better the description of CPUE) and R? value (the greater the value, the better the fit to the model). Significance
was set at p < 0.05. Chi-square tests were used to compare and test which models were best for the CPUE data.
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Figure 4. Effects of smoothing parameters depth and soak time on the CPUE of C. pagurus following
GAM model analysis of data from 2018 to 19. Graphs are produced from the best-fitting model
(CPUE ~ year + s(depth) + s(soak time) + boundary). Smoothing parameters were assigned basis
functions in the model as s(parameter, k = 3); this set the maximum possible degrees of freedom for
the smoothing parameter as 3.
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Figure 5. Effects of smoothing parameters depth and soak time on the CPUE of H. gammarus following
GAM model analysis of data from 2018 to 19. Graphs are produced from the best-fitting model
(CPUE ~ year + s(depth) + s(soak time) + boundary). Smoothing parameters were assigned basis
functions in the model as s(parameter, k = 3); this set the maximum possible degrees of freedom for
the smoothing parameter as 3.
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Figure 6. Effects of smoothing parameters depth and soak time on CPUE of N. puber following
GAM model analysis of data from 2018 to 19. Graphs are produced from the best-fitting model
(CPUE ~ year + s(depth) + s(soak time) + boundary + bait + pot type). Smoothing parameters were
assigned basis functions in the model as s(parameter, k = 3); this set the maximum possible degrees
of freedom for the smoothing parameter as 3.

3.3. Environmental Data

Between the sampling years of 2018 and 2019, August was the warmest month (sea
surface temperature) (2018: 15.38 4 0.26 °C; 2019: 15.08 £ 0.21 °C). The coldest month
with respect to sea surface temperature was March in 2018 (4.77 4= 0.29 °C) and February
in 2019 (6.15 £ 0.09 °C). April for both years had the lowest recorded salinity (2018:
33.57 £ 0.06 ppt; 2019: 33.68 + 0.21 ppt), with September recording the highest in 2018
(34.44 £ 0.04 ppt) and October recording the highest in 2019 (34.39 & 0.03 ppt). A full
breakdown of the environmental variables recorded can be seen in Table 5.
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Table 5. Environmental variables (sea temperature (°C), salinity (ppt), and dissolved oxygen (mg/L))
recorded by month for each sampling year (2018-2019). Data shown as mean + sem.

2018 2019

Sea Surface .. Sea Surface .. Dissolved

Month Temperature (°C) Salinity (ppt Temperature (°C) Salinity (ppt) Oxygen (mg/L)
June 11.80 +0.18 34.13 £ 0.02 12.06 + 0.24 33.91 £ 0.03 9.15 + 0.06
July 14.80 4+ 0.52 34.16 £ 0.05 14.33 £ 0.25 33.88 £ 0.07 8.38 + 0.06
August 15.38 £ 0.26 33.90 £ 0.30 15.08 + 0.21 33.86 £ 0.06 8.01 + 0.25
September 12.75 +£0.28 34.44 £0.04 12.61 +0.08 34.22 £0.09 8.84 +0.17
October 10.88 +0.20 34.41 £0.04 10.77 £ 0.15 34.39 £ 0.03 8.89 + 0.09
November 9.99 + 0.17 34.24 +0.04 9.24 + 0.16 33.78 +£0.21 9.33 + 0.07
December 8.40 4+ 0.00 34.31 + 0.00 7.80 £ 0.15 34.00 + 0.24 9.43 £+ 0.05

H. gammarus of sizes above the MLS were not positively or negatively related to
environmental factors significantly (Table 6). However, those below the MLS were positively
correlated with dissolved oxygen (tau = 0.18, p < 0.05), salinity (tau = 0.15, p < 0.05), and
lunar phase (tau = 0.11, p < 0.05) and negatively correlated with sea surface temperature
(tau = —0.18, p < 0.05) (Table 6). C. pagurus individuals of sizes below the MLS followed
the same trend as the undersized H. gammarus; however, there was no significant result in
correlation with salinity (tau = 0.05, p = 0.15). Those C. pagurus individuals above the MLS
were positively correlated with sea surface temperature (tau = 0.14, p < 0.05) and negatively
correlated with dissolved oxygen (tau = —0.09, p < 0.05) and lunar phase (tau = —0.10,
p < 0.05). CPUE of both C. pagurus and H. gammarus was tested with lunar phase and
sea surface temperature (Figure 7), and it was found that there was a weak negative
relationship for both species regarding sea surface temperature (tau < —0.5, p < 0.05) and
a weak positive relationship for lunar phase (tau > 0.5, p < 0.05) (Table 6).

Table 6. Kendall rank correlation outputs (p-value and tau value) for abundance counts and CPUE
related to environmental variables for C. pagurus and H. gammarus.

Species Individuals > MLS Individuals < MLS CPUE
H. gammarus Sea Temperature (°C) tfu::O&)?.,(ZZ taﬁi ggig taf_’li (18?61
Salinity (ppt) t§u==062.g3 tzu§:069155
DO (mg/L) taz i (1%?05 tguS:O(.)(.)l5 8

Lunar Phase (%) taﬁ z (1%(')01 tZHS:O(.)(')lS 1 tguioé(.)fe
C. pagurus Sea Temperature (°C) t}:ugzo(.)(.)f 4 taz z (i(())(.)lo taii g8?21
Salinity (ppt) taﬁ Z (1%4_100 t:uzzobl.SS
DO (mg/L) taz i (1%(.)09 tgu§=0(.)(.)15 7
Lunar Phase (%) taz z (1%?10 tguio(fgl th:%?ﬁil

Note: Significance was set at p < 0.05. Negative tau values correspond to negative relationships and positive tau
values correspond to positive relationships. The greater the tau value > 1, the greater the positive relationship;
and with tau values < —1, the greater the negative relationship. DO denotes dissolved oxygen (mg/L).
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Figure 7. Kendall rank correlation of lunar phase (%) and sea surface temperature (°C) with respect
to CPUE of C. pagurus and H. gammarus. This included undersized and landing-sized individuals.
Black dots represent the recorded CPUE for the target species from each survey conducted over the
study. A positive correlation for lunar phase (%) is highlighted by the trendline with an R value
of 0.34 (p < 0.05) for C. pagurus and 0.46 (p < 0.05) for H. gammarus. Negative correlations for sea
temperature are highlighted by the trendline with an R value of —0.21 (p < 0.05) for C. pagurus and
—0.61 (p < 0.05) for H. gammarus. Significance was set at p < 0.05.

3.4. Bait

The type of bait used by the fishers can be seen in Figure 8, with a greater proportion of
mackerel (Scomber scombrus) (42.07%) and herring (Clupea harengus) (34.35%) used across all
fishing vessels. Bait was included in the GAM models, in which mackerel was significantly
related to the number of H. gammarus (p = 0.01) and C. pagurus (p = 0.01) caught. Herring as
a bait source was significant for the number of C. pagurus caught (p < 0.05). Contrastingly,
scad (Trachurus trachurus) showed significance for the number of N. puber caught (p < 0.05).
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Figure 8. Pie chart of the bait type used across 2018 and 2019. Data are separated by bait type used
across all fishing vessels. The data shown are the percentage of creels using the bait types highlighted
in the figure.

4. Discussion
4.1. Catch Composition

In the local area, it is a common theory with local fishers that the stocks for both
H. gammarus and C. pagurus are declining (pers. obvs.). Previous studies have imple-
mented the use of logbooks, used by commercial fishers, to collate the information in
situ; however, the robustness of this assessment is determined by the number of fishers
participating [15,20]. In this study, a low number of fishing vessels (n = 5) were observed
independently using onboard observers without the use of fisher logbooks. Logbooks are
used to record the annual landings of fishers’ catch every time they fish at sea. In this study
we did not observe every fishing trip; therefore, it may be assumed that some detail and nu-
ance have been lost from the results, which may have been provided if logbooks were used.
It has been addressed that due to the limited number of vessels fishing used in this study,
there is potential that the catch could be more uniform than would be representative of the
natural stock, a positive intra-cluster correlation [15,28]. However, by utilising fishers with
different fishing grounds and fishing fleets of randomised locations, it is perceived that this
positive intra-cluster correlation was reduced. Many factors could influence the C. pagurus
populations regionally, such as habitat variations, mating behaviour, and competition for
food and shelter [20]. The influence is based on the sex ratio of caught individuals, which
differs seasonally and spatially with C. pagurus migrating in the Autumn after emigrating
back to inshore grounds to mate and moult [17,20,29]. The habitats outside and inside the
marine reserve designation are predominantly rocky outcrops with interspersed sandy
patches with the latter increasing in presence outside the marine reserve. Such habitats
benefit the female C. pagurus who reside in sandy patches to avoid strong currents and to
incubate eggs post-mating [20,30,31] (Figure 1). The rocky outcrops may have led to lower
numbers of H. gammarus and C. pagurus caught due to the availability of natural shelter
outweighing exploratory behaviour around creels. H. gammarus tend to shelter in the late
spring as they moult and harden their shell before re-emerging in the late summer [32,33],
which coincides with the increase in CPUE in August and July in 2019 shown in this study.
The number of C. pagurus caught has been shown to be related to sediment type following
GAM models in [4] which showed that gravel substrate proved to have higher catch rates
than softer sediment. This was not included in our models as the locations of creel pots
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could not be “ground-truthed” to specific substrate types as the habitat map described in
Figure 1 was provided after sampling and analysis. The study presented in [4] also used
dredges and trawls, a form of mobile fishing, which is not comparable to static gear fishing
which involves the need for food-seeking behaviour using odour cues [34,35].

4.2. CPUE

Although independent observations typically are low in replicates, they are useful
in understanding CPUE estimates which are location-specific whilst providing additional
biological information such as morphometric measurements and condition indices [20,36].
The CPUE for C. pagurus and H. gammarus was greater outside the Berwickshire Marine
Reserve designation. This study did not focus on the potential “spill-over” effect associated
with the Berwickshire Marine Reserve, but it may be suggestive based on the CPUE trend
outside the designation. It can be assumed that the effort required to fish for C. pagurus
and H. gammarus is less outside the marine reserve but much greater inside, suggesting
overexploitation within the marine reserve. This is contrary to a similar study for the
marine protected area (MPA) around the Isle of Arran, Scotland, in which the inverse
was found [23]. Inside the reserve, the CPUE for H. gammarus was 123% higher within
the designation in 2012; with C. pagurus, the CPUE was similar both inside and outside
the designation [23]. However, in 2013 it was found that the CPUE of C. pagurus had
declined within the reserve by 49%, equating to a 253% difference between the outside
and inside areas of study [23]. Studies outside the U.K. also find increases in abundance
inside the designated areas of protection which have also been related to a “spill-over”
effect. Spiny lobsters (Panulirus interruptus) in California were 124% higher in abundance
inside the reserve and 223% higher on the border of the reserve, suggesting a “spill-over”
effect over a 10-year sampling period (2008-18) [37]. Furthermore, in Norway, a 245%
increase in CPUE for H. gammarus was located inside MPAs based on pooled results
from 2006 to 2010 [38]. It has been stated that warmer sea temperatures are likely to
increase catch due to the metabolic demand of the C. pagurus species [20]. In this study, it
was found that sea surface temperature correlated with the number of C. pagurus caught
above the minimum landing size, which was also similar to that of [20]. This contrasts
observations with C. pagurus fishing occurring typically between April and November,
with the highest catches observed in October and November [20]. CPUE of H. gammarus
also showed a negative correlation with sea surface temperature in this study, but [23]
found that temperature had no significant effect on the number of individuals caught. In
the Mediterranean Sea, warmer waters (May—August) were associated with higher CPUE
for H. gammarus [39]. Soak time ranged from 1 to 7 days, with the optimal soak times
differing depending on which target species was being caught. It has been suggested that
soak time does not linearly affect the end catch [20], which is apparent in Figures 4-6. Other
studies suggest that the number of C. pagurus landings positively correlates with soak
time [36] but also declines with increasing soak time [39]. In the Northern Taiwan Strait,
soak times of <48 h saw a greater catch of target crustacean species, whereas soak times of
>48 h saw a greater haul of bycatch [40]. In this study, soak time had a significant effect
on the CPUE for all target species as a smoothing factor in the GAM models, although
the effects of soak time greatly differed depending on species (Figures 4-6). Depth also
showed a significant effect on CPUE, except for H. gammarus, which has also been shown
in [20] with the number of C. pagurus caught increasing with depth. However, it has been
shown in [4] that the number of C. pagurus caught showed a nonlinear decrease with depth
(23-84 m); however, this depth range is far deeper than that used in this study (5-37 m) [4].
Creel deployment is typically associated with rocky habitats compared to sand or muddy
substrates [6]. Over a 9-year period, the fishing pressure in the rocky inshore area doubled
in the Northumberland district, although the creel density was constant [6]. In areas of
high fishing density, it has been shown that the number of C. pagurus and H. gammarus
caught declined over a 3-year period by 19% and 35% respectively [41]. Future data surveys
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should integrate the habitat type on which the fishing equipment is deployed, based on the
data provided in Figure 1, also known as fisheries habitat interactions [6].

Creels are not standardised fishing equipment; fishers can adapt and change them
in response to fishing needs. Such adaptations can include frame material, net gap size,
and number and size of entrances [20]. Predominantly, in this area, the creels are not
affixed with escape gaps, which likely increases creel saturation. Such escape gaps can
increase the efficiency of the creel by decreasing the undersized catch by 34% whilst
increasing commercial catch by 125%, which is further exaggerated with the inclusion of
two gaps [42]. Many studies record the efficiency of escape gaps and their ability to reduce
the catch of undersized individuals whilst maintaining the commercial catch (those at MLS
or above) [13,42-44]. The results in this study showed that CPUE and the number of target
species caught greatly varied among the various creel types used. The CPUE of N. puber
in 2019 was greater in the prawn parlour variations (Table 2), CPUE of C. pagurus was
greater in parlour creels, and CPUE of H. gammarus was greater in hard- and soft-eye creels.
From fisher observations, the hard-eye creel variations are dominated by H. gammarus,
and the soft-eye creels are dominated by C. pagurus, although this cannot be confirmed by
this study as the number of H. gammarus dominantly outnumbered C. pagurus in all creel
types (Table 2). Other adaptations made to creels can include the entrances, with larger
and smaller entrances potentially limiting sized individuals. The entrances for the creels
used in this study were not measured, and assumptions on catch limitations by entrance
size cannot be made and supported. Typically, the size of entrances on creels ranges from
3.5” (89 mm) to 6” (152 mm) in the Berwickshire area, although the industry standard is
recorded as 9.8” (250 mm) [29]. A study looking into the influence of entrance size on
crayfish noted that the entrance size had no effect on the range of sizes caught [43]. The
entrance sizes ranged from 45 to 85 mm in diameter [43], significantly smaller than those
required to meet the landing sizes of both C. pagurus and H. gammarus. In contrast, it has
been documented that the entrance size, if increased, is likely to increase the mean size of
the animal caught, in this case, H. gammarus [13].

4.3. Bait

The dominant bait type used across all fishing vessels was mackerel (Scomber scombrus)
(42.07%) and herring (Clupea harengus) (34.36%). Both H. gammarus and C. pagurus are
chemosensory species using bimodal sensilla and olfactory systems to respond to chemical
stimuli [9,45]. Both herring and mackerel are recognised as oily fish [46] and, it would be
assumed, produce a strong chemical stimulus. The chemosensory stimulus is dependent
on time, as the degradation and decomposition of the bait will influence the time period at
which the fishing gear is most effective, with bait degradation ranging from 4 to 27 days
based on values from [47,48]. It could be assumed that bait plumes surrounding the creel
pots can vary regionally due to the regional variation in tides and currents [20]. The bait
plume influence and the area with which the plume was associated could not be estimated
in this study. Strong currents could lead to faster dilution of the bait plume, which could
lead to smaller areas of influence that can only be estimated or assumed [9]. When presented
with mackerel bait in a closed flume system, scampi (Metanephrops challengeri) showed
no alterations in their behaviour but showed greater walking speeds in more turbulent
water flow influenced by such bait [49]. Contrastingly, free-ranging H. gammarus exhibited
a decrease in walking speed with decreasing distance to deployed creels; however, the
behaviour could not be associated with bait influence specifically [9]. This chemosensory
stimulus may influence a deterrence behaviour, as crushed crab added to baited creels led
to a decrease in caught crabs by 54% [50].

4.4. Models

The best-fitting models for CPUE of H. gammarus and C. pagurus were those excluding
the factors creel type and bait type. When additional explanatory factors were applied to
each model, the deviance explained increased. However, more variables were significant,
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which seemed to exaggerate the interpretation of the models. The model used was based on
that of [20], with the inclusion of bait type and creel type. Both smoothing parameters, soak
time and depth, influenced the CPUE for all target species with varying influences. The
CPUE of C. pagurus seemed to increase up to a period of 5 days before steadily decreasing,
whereas that of H. gammarus decreased to 4 days before plateauing (Figures 5 and 6). Soak
time varied depending on the fishing vessel used and the season. The soak time of static
fishing gear can be influenced by the weather, with early termination of fishing periods
being dependent on the adversity of the weather. If the creels are heavily saturated, this
could likely lead to a decrease in available bait and space, further inhibiting catch. A
higher density of H. gammarus in the creels will limit the catch of C. pagurus [2,51]; in
contrast, a higher density of C. pagurus would not limit the available space but would
reduce the available bait, limiting the attraction of other individuals [52]. The presence of
one individual H. gammarus within a creel can decrease the CPUE of C. pagurus and N. puber
by factors of 12 and 9, respectively [6]. Similar to the smoothing trend of soak time on the
CPUE of H. gammarus, CPUE decreased with increasing depth until around 20 m before
plateauing. The CPUE of C. pagurus increased with increasing depth, whilst that of N. puber
increased with increasing depth until around 20 m before decreasing. The influence of
depth on CPUE is likely linked to bottom sea temperature and sea current, which could
be utilised to improve location-specific data [2,20]. C. pagurus are well known to migrate
further offshore; in particular, females migrate further offshore during the gestation period
to bury themselves in finer sediment such as sand for brooding [42,53]. It is documented
that the depth range distribution of C. pagurus is around 6-40 m [54]. The depth range of
H. gammarus ideally ranges from 35 to 40 m [40]. H. gammarus have expressed depth diel
patterns from September to January as a form of inactivity coinciding with the decrease in
water temperature [55,56]. The same study showed that all but one individual remained
in depths shallower than 30 m for longer and shorter periods of activity [46]. The CPUE
of H. gammarus was influenced by depths below 30 m (Figure 5) which would suggest a
similar trend to [53], but also the limited activity in this species is likely to be associated
with site fidelity which is common with this species [57], with activity commonly associated
with feeding and territorial behaviour [58] within a few (~3.8 km) kilometres from their
shelter [39]. Within a 20 m distance of a deployed creel, H. gammarus can remain in this
vicinity for up to 17 h, and their presence can reduce the catch of both C. pagurus and
N. puber [2,9].

5. Conclusions

Our study suggests that there is an exploitation of the commercially important species
C. pagurus and H. gammarus inside the Berwickshire Marine Reserve due to the lower CPUE
values recorded. A “spill-over” effect for both species may be a factor contributing to the
varying CPUE values recorded in and outside the marine reserve, which would require
further investigation. With no creel limitation in the region, it may be suggested that the
decline inside the marine reserve may be accounted for by creel density saturating any
viable fishing ground and subsequently contributing to regional fishing pressure. This
would require further investigation through monitoring of vessel activity within the reserve
designation gathered with autonomous tracking devices attached to the inshore fishing fleet.
The depth and soak time of deployed creels were associated with the CPUE of the target
species. This information could be used in relation to a creel limitation. By reducing the
creel saturation on fishing grounds at certain depths and decreasing or increasing the length
of species-dependent soak times, more targeted fishing activity can take place without
affecting the overall catch for fishers. This is an ideal within a complex system, as other
factors such as substrate type and bottom sea temperature would need to be considered,
which would highlight fishery habitat interactions, improving the resolution of the findings
in this study. It is believed that the information provided in this study will be used in future
advice and consideration for changes in fisheries management for Berwickshire.
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Abstract: Despite the global decline in marine species biodiversity, relatively few countries have
enacted national endangered and threatened species legislation. Tailoring an adequate legislative
framework with clear objectives and regulations consistent with the available scientific evidence
is fundamental for the effective conservation of marine endangered and threatened species. This
paper analyzes the legal framework and current institutional tools for the conservation of marine
endangered and threatened species in the Russian Federation. In this regard, important legislative
tools include federal laws, as well as internationally binding signed agreements, among others, such
as the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) and
the Convention on Wetlands of International Importance Especially as Waterfow] Habitat (Ramsar).
A strategy and an action plan for the conservation of biological diversity were also developed.
Besides, the most important tool for the conservation and protection of marine endangered and
threatened species is the Red Book of the Russian Federation (RBRF) and other regional Red Books.
Responsibility for causing harm to the species listed in the RBRF and their habitat is specified in the
code of administrative offenses and the criminal code of the Russian Federation. Finally, conclusions
and identified gaps were highlighted in the last section, including, among other things, that legislation
is still limited in how it takes the impacts of climate change into account. Such type of study is highly
recommended, considering the relatively few number of papers dedicated to the study of the impact
and/or implications of the conservation tools and strategies mentioned in this paper on the status of
the marine endangered and threatened species.

Keywords: endangered species; conservation; legislation; policy; Russia; threatened species

Key Contribution: Important conservation tools are being used in the Russian Federation for the
protection of endangered and threatened species; although some gaps were identified.

1. Introduction

Over the last decades, marine biodiversity has declined considerably as the number of
marine endangered and threatened species is now higher (more species are threatened) than
at any other time in recent history [1-4]. The degradation of the global marine ecosystems
due to anthropogenic impacts such as pollution [5], habitat loss and degradation [6],
overfishing [7], and climate change [8,9] increased the risk of extinction of many marine
species. Some evaluations highlighted the high level of extinction risk in certain marine
taxonomic groups, including 33% of reef-building corals [10], at least 25% of sharks and
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rays [11], 16% of mangroves [12], 14% of seagrasses [13], and 11% of billfish and scombrids
(e.g., tunas, bonitos, mackerels) [14]. For these reasons, great attention has been paid to
the conservation and management of marine species to halt the recent decline in their
abundance and diversity and to preserve the ecosystem. To reduce biodiversity loss,
many attempts and conservation actions were made by conservation biologists such as
species and habitat protection, ex-situ programs, removing invasive species, education
and awareness campaigns, and designing adequate measures for the conservation of
these species [15]. Over the last five decades, the Red List of Threatened Species of the
International Union for Conservation of Nature (IUCN) has been guiding conservation
endeavors as a valuable species extinction risk assessment tool. It is widely assumed that
such conservation endeavors and tools have been useful in sustaining species from moving
closer to extinction and driving recoveries with numerous successful cases in which species
have been brought back from the brink of extinction. Lotze et al. [16] provided some
examples of population and ecosystem successful cases of recoveries. Yet some studies still
define a new focus of recovery and seek to present frameworks for quantifying measures
of species recovery and conservation success (e.g., [17]).

Even though the conservation of marine species and ecosystems is still often portrayed
as a scientific duty it is important to acknowledge that science is fundamental but, on its
own, is not the only component of the decision-making process. In the end, the decision
‘to conserve’ and/or ‘to establish recovery plans’ does not depend only on science, but
rather, among other things, on tailoring an adequate legislative framework with clear
objectives, regulations and monitoring plans that may or may not be consistent with the
available scientific evidence. Therefore, the effective conservation of marine endangered
and threatened species, as a first step, depends on legislation properly designed to protect
them. Similarly, achieving the objectives of these legislative tools depends on the political
and social factors that affect its implementation (e.g., [18]).

Despite the global decline in marine species biodiversity, relatively few countries have
enacted national endangered and threatened species legislation. The first legislative act was
established in the United States, with the Endangered Species Preservation Act in 1966, the
forerunner of the Endangered Species Act (ESA; passed in 1973). This was been followed by
other legislative tools in some countries such as; the Biodiversity Law of Costa Rica (passed
in 1992), Australia’s Endangered Species Protection Act (passed in 2002), Canada’s Species
at Risk Act (SARA; also passed in 2002), also in Canada: Nova Scotia Endangered Species
Act (NSESA; passed in 1998), and South Africa’s National Environmental Management
Biodiversity Act (passed in 2004). Several studies have evaluated the effectiveness of some
of these acts for preventing the extinction of listed species, with the ESA and SARA the most
evaluated acts. For example, some studies evaluated the listing, designation of critical habi-
tat and development of recovery plans, and improvement of species’ status [19-24]. Other
works have highlighted, for example, the temporal and policy-driven differences in the
listing rate [25], biases in the listing of species towards particular taxonomic groups [26,27],
and fluctuations in the funding allocated to ESA implementation [19]. However, recent
comprehensive analysis is absent in many countries. To date, there have been limited efforts
to evaluate the efficacy of similar legal frameworks in many countries, partially because
these legislations often lack objective, quantifiable criteria to use in such assessments.

In Russia, particular attention has been paid to the conservation of marine endangered
and threatened species. Recently in 2014, the government of the Russian Federation
approved the strategy for the conservation of endangered and threatened species for the
period until 2030. Despite the great importance of marine biodiversity in Russia, there are
relatively few papers in this regard mostly in the Russian language [28-33]. Taking into
account that little is known outside the country, this paper elucidates and analyzes the legal
framework, current institutional instruments and strategies for the conservation of marine
endangered and threatened species and reveals gaps in the Federal legal frameworks in
the Russian Federation. We reviewed available legislation and laws to assess the current
regulation practices in the country’s conservation of marine endangered and threatened
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species. This would strengthen the knowledge about Russia’s policy in the conservation
of marine endangered and threatened species, and improve the legislation currently used
as a conservation tool. In addition, the information gathered in this paper would be very
important at the global level for the scientific community outside of the country given
Russia’s massive borders and presence on multiple shared seas (e.g., Barents Sea shared
with Norway) and oceans.

2. General Methodology

This paper draws on findings from a literature review of official reports, government
documents, legal reports, official governmental websites and unpublished sources relating
to endangered and threatened species. The review provides the basis for a description of
the key organizations, laws, decrees, objectives, and strategies that guide the conservation
of endangered and threatened species. To obtain relevant data on Russian legislation,
documents issued by the central Federal government, relevant ministries (e.g., Ministry
of Natural Resources of Russia) and regional governments (e.g., Ministries of Natural
Resources and Environment of the constituent entities of the Russian Federation) websites
were reviewed. Most of the legislative documents issued in the Russian Federation are
now available online on the websites of the management authorities (e.g., ministries),
although mostly in Russian language. Besides, online platforms such as https://docs.
cntd.ru and http:/ /www.consultant.ru (accessed in 19 September 2022) (online platforms
to disseminate many of the laws and regulations managed by the Russian government)
were used. Terms in the Russian language such as ‘strategy’, ‘law’, ‘regulation’, ‘fisheries’,
‘species’, ‘protected’, ‘endangered’, and ‘threatened” were combined and used to find and
capture the main message of the relevant law articles and clauses within the collected
policy and legislative documents. The detailed data analysis methodology of this study is
presented in Figure 1. To answer the research questions, the review summarized the core
aspects (content analysis) of each legal document and analyzed whether it provides effective
protection to marine endangered and threatened species. The findings were compiled and
presented in the following sections for comprehensive understanding and interpretation.
Finally, conclusions and gaps identified from the review section were highlighted in the
last section.

Q1: What are the marine
endangered and threatened
species conservation legislative
tools and policy in Russia

v

Compilation and summarisation of the existing
tools (relevant international conventions, federal
legal framework and strategies) to the conservation
of marine endangered and threatened species in
Russia

Q2: What are the gaps in the
current marine endangered and
threatened species
conservation legislative tools
and policy in Russia

Content analysis and summarisation of the existing
gaps in the regulations with respect to the
conservation of marine endangered and
threatened species in Russia

Figure 1. Schematic overview of the analysis made in this study.

3. Legal Framework for the Conservation of Endangered and Threatened Species

In the Russian Federation, the protection of endangered and threatened species (in
Russian documents referred to as Rare and Endangered Species—herein after RES) is carried
out within the framework of general legislation regulating the conservation of these species.
The definition of “marine” or “aquatic” animals is given by the Federal Law “On fisheries
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and the conservation of aquatic biological resources”. The main provisions for the protec-
tion of rare species are contained in the Federal Laws “On environmental protection” and
“On the animal world”. The legal act established for the purpose of protecting and listing
RES is the Red Book of the Russian Federation. The regional Red Books are also adopted by
each region of the Russian Federation separately. Further, the general and special regulatory
legal acts of the Russian Federation, in force at the time of writing this paper, concerning
the protection of RES in general, and which are also applicable to the protection of rare and
endangered marine species and birds, are summarized in the following Table 1.

Table 1. Summary of the main Federal laws (listed by the issuing year) and related articles that
contain the main provisions for the protection of rare species.

Legal Framework

Year Related Articles Core Objective

Federal law “On the
animal world” [34]

Defines the wildlife in the exclusive economic

Article 1 zone (EEZ) of the Russian Federation.

Provides the federal executive bodies the
authority of supervision in the field of protection
Article 16 and use of wildlife and their habitats aiming at
preventing, detecting, and suppressing
violations in use of wildlife and their habitats.

1995 Indicates that any economic activity must take
measures to preserve the habitat of wildlife and
the conditions for their reproduction, feeding,
Article 22 rest and migration routes, and any change of
these must be carried out in compliance with the
requirements that ensure the protection of the
animal world.

Regulates the procedure for including RES in the
Article 24 Red Book of the Russian Federation [35] and/or
the regional Red Books.

Federal law “On specially

protected natural areas” [36]

Defines Specially Protected Natural Areas
(SPNA).

This law determines the status and categories of
In general SPNA, the procedure for their creation and the
regime of special protection.

Article 1

1995

Federal law No. 7-FZ “On

Lists the conservation of biological diversity
Article 3 among the basic principles of environmental
conservation.

environmental protection” [37] 2002 Sets the Red Book of the Russian Federation [35]

and the regional Red Books as the main tools for
the protection and record of RES and prohibits
any activity leads to its withdrawal or reduction.

Article 60

Federal law No. 166-FZ “On

fishing and conservation o
aquatic biological resources”

Prohibits the extraction of RES of aquatic

Article 27 biological resources (ABR).

f 2004 States that the protection of RES of ABR is
[38] Article 50.1 carried out in accordance with the Federal Law
’ of January 10, 2002 No. 7-FZ “On environmental
protection” and this Federal Law.

4. National Strategies for Biodiversity and RES Conservation

In accordance with the Decree of the President of the Russian Federation of April 19,
2017 N 176 “On the Strategy for the Environmental Security of the Russian Federation for
the period up to 2025”, the conservation of biological diversity is the main activity of Russia
in the development of international cooperation to preserve, protect and restore the Earth’s
ecosystems [39].
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The first national strategy for the conservation of biological diversity in Russia was
adopted in 2001, and its main goal was formulated as follows: “Conservation of the biodiver-
sity of natural biosystems at a level that ensures their sustainable existence and sustainable
use”. The provisions of the Strategy corresponded to the main provisions of the international
agreement—the Convention on Biological Diversity. In 2010, the 10th Conference of the Parties
to the Convention on Biological Diversity approved the Strategic Plan for the Conservation
and Sustainable Use of Biodiversity for 2011-2020 and the Aichi Biodiversity Targets (Decision
X/2) [40]. Based on the structure of this Strategic Plan and in accordance with the Aichi Targets,
national targets were justified and formulated and the Action Plan for the conservation of
biological diversity of the Russian Federation (2014) was developed [41]. This strategy and
action plan also includes some national targets related to marine RES such as The Global
Target 6 (sustainable harvesting of aquatic biological resources, reducing adverse impacts
on threatened species and vulnerable ecosystems), The Global Target 10 (combating threats
to the biological diversity of the seas) and The Global Target 12 (protection of endangered
species). A set of indicators related to the number of different categories of protected species
was provided to assess the achievement of the last objective.

In addition to the strategy for the conservation of biological diversity in Russia, a
strategy for the conservation of RES of animals, plants and fungi in the Russian Federation
for the period up to 2030 was developed (Decree of the Government of the Russian Feder-
ation of February 17, 2014 N 212-r “On Approval of the Conservation Strategy rare and
endangered species of animals, plants and fungi in the Russian Federation until 2030”) [42].
The provisions of this strategy define the objectives and main directions of state policy and
activities in the field of conservation of RES necessary to improve the efficiency of public
administration in this field. The purpose of this strategy is to ensure, on a long-term basis,
the conservation and restoration of RES in the interests of the sustainable development of
the Russian Federation. The main measures for the conservation of RES, provided for by
this Strategy, include: (1) improvement of the system of state management and supervi-
sion in the field of protection and use of all species and their habitat; (2) improvement of
the regulatory legal framework; (3) ensuring the continuity and systematic maintenance,
regular updating of the Red Book of the Russian Federation and the Red Books of the
constituent entities of the Russian Federation; (4) ensuring the functioning of an effective
system of SPNA; (5) creation of a single federal centre that monitors, maintains a cadastre
of all animal species in the format of a multi-level information system that provides for the
rapid collection and analysis of incoming information from all over the Russian Federation
and the subsequent provision of this data to interested parties; (6) ensuring the fulfilment
of the obligations of the Russian Federation arising from international conventions and
agreements, as well as Russia’s membership in international organizations; (7) ensuring
openness of information about the state of RES of animals, plants and fungi and their
habitats, as well as about the measures taken for their protection and reproduction.

5. Red Book of the Russian Federation

Besides the previously mentioned laws and strategies, the most important tool for the
conservation and protection of RES is the Red Book of the Russian Federation (hereinafter
referred to as RBRF). It was published for the first time in August 1978, its release was
timed to coincide with the opening of the XIV General Assembly of the International Union
for Conservation of Nature (IUCN), held in the USSR. The latest and current edition of
the RBRF was issued in 2020 and is published at least once every 10 years. The legal
framework is the order of the Ministry of Natural Resources of Russia dated May 23, 2016
N 306 (as amended on 5 July 2021) “On Approval of the Procedure for Maintaining the Red
Book of the Russian Federation” [43]. The RBRF is an official document containing a set
of information on the state, distribution, categories of rarity status and endangered status
as well as the protection measures required to ensure the conservation and recovery of
RES (subspecies, populations) of wild animals, wild plants and fungi living on the territory
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(including aquatic area), the continental shelf and in the exclusive economic zone of the
Russian Federation [35].

Currently, the RBRF is maintained by the Ministry of Natural Resources of Russia
through a specially created commission on rare and endangered animals, plants and fungi.
The commission interacts with scientific organizations, including the Russian Academy of
Sciences (RAS), as well as with federal executive authorities and executive authorities of the
constituent entities of the Russian Federation exercising powers in the field of protection
and use of wildlife, including ABR. The Ministry of Natural Resources of Russia considers
proposals for inclusion into or exclusion from the RBRF or for changing the categories of
the status of species received from state authorities, organizations, and citizens, and sends
these proposals to the RAS and, if necessary, to other scientific organizations to obtain their
opinions. After the submission of expert opinions from the RAS and/or other scientific
organizations, the Ministry of Natural Resources of Russia sends them, together with the
indicated proposals, to the Commission for consideration. The inclusion into or exclusion
from the RBRF or for changing the categories of RES is based on the published scientific
data and monitoring of these species (scientific estimates of the number of species), as well
as on the degree of vulnerability and threat of reduction in its number and/or range, an
increase in the fragmentation of the range, on adverse changes in the conditions for the
existence of this species or other data indicating the need to adopt special measures for its
conservation and restoration. After the review of the commission, the Ministry of Natural
Resources of Russia places all proposals as well as supporting scientific data on its official
website at least 180 calendar days before making an appropriate decision.

Species of flora and fauna listed in the RBRF include one of the rarity status cate-
gories: 0—Probably extinct, I —Endangered, 2—Decreasing in number and/or distribution,
3—Rare, 4—Uncertain in status, 5—Recoverable and recovering. Also, one of the threat
of extinction status categories characterizing their state in their natural habitat: Disap-
peared in the wild (EW—Extinct in the Wild), Disappeared in the Russian Federation
(RE—Regionally Extinct), Critically Endangered (CR—Critically Endangered), Endan-
gered (EN—Endangered), Vulnerable (VU—Vulnerable), Near Threatened (NT—Near
Threatened), Causing the least concern (LC—Least Concern), Insufficient data (DD—Data
Deficient). Finally, to one of the categories of the degree and priority of environmental mea-
sures taken and planned for adoption (nature conservation status): I priority—immediate
adoption of comprehensive measures is required, including the development and imple-
mentation of a conservation strategy and/or a program for the restoration (reintroduction)
of species, II priority—it is necessary to implement one or more special measures for
the conservation of species, III priority—enough general measures provided for by the
regulatory legal acts of the Russian Federation in the field of environmental protection,
organization, protection and use of SPNA and protection and use of the animal world and
its habitat, for the conservation of species listed in the RBRFE.

The RBRF consists of two volumes, the first volume is devoted to animals, and the
second to plants. The volume dedicated to animals consists of two parts: invertebrates and
vertebrates. In turn, vertebrates are considered in six sections: lampreys, ray-finned fish,
amphibians, reptiles, birds and mammals.

When it comes to fish species, in the latest edition of the Red Data Book (2021), they are
represented by seven orders: sturgeons (Acipenseriformes), scads (Clupeformes), salmons
(Salmoniformes), cyprinids (Cypriniformes), cods (Gadiformes), eels (Anguilliformes) and
sticklebacks (Gasterosteiformes). The most numerous protected fish species are sturgeons
(nine species), salmonids (17 species, 6 subspecies, 4 populations) and cyprinids (seven
species, one subspecies, two populations). Herring-like species are represented by two
species, cod-like, eel-like and stickleback-like contain one species each.

Most sturgeon species have one category of rarity—a species that is on the verge
of extinction and has the highest priority of conservation measures. Two species—the
European (Atlantic) sturgeon (Acipenser sturio) and the Baltic sturgeon (Acipenser oxyrinchus)
have a rarity category 0, that is, they belong to populations that have probably disappeared
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in Russia. The rest have a second category of rarity—a species that is declining in number
or distribution.

Salmonids are represented by fish of 1, 2 and 3 categories of rarity in similar propor-
tions, which reflects their status according to the IUCN. Herrings have 2 and 3 (rare species)
categories of rarity. Most cyprinids are represented by fish with the second category of
rarity, that is, they are declining in number or distribution. Cod-like and eel-like are the
first category of rarity, and stickle-like—the second.

Thus, fish listed in the RBRF are represented by species with a variety of types of
aquatic habitats: from rivers and lakes to marine areas. On the other hand, Regional
Red Data Books have a greater number of fish species, depending on the status of their
populations in the territories of a particular subject of the Russian Federation.

Species listed in the RBRF are completely withdrawn from economic use. Removal
from nature is allowed only with the permission of specially authorized state bodies and
only in special cases (see Section 9: Exceptions to restriction on harvesting RES). Fees
and methods of calculation for accidental or intentional damage caused to them and their
habitats have been approved for almost all RBRF species.

6. International Agreements for the Protection of Aquatic RESs and Birds

The Russian Federation signed a number of international conventions and framework
agreements for the protection of RES of ABR and birds (summarized later in Table 3).

7. Federal State Supervision in the Field of Protection of RES

The main federal government agencies for the protection, control, and regulation of
the use of wildlife and their habitats in the Russian Federation are the Federal Service for
Supervision of Natural Resources (Rosprirodnadzor) and the border agencies of the Federal
Security Service of the Russian Federation.

The powers to protect RES are vested in the Federal Service for Supervision of Natural
Resources (Rosprirodnadzor) (in relation to the RBRF) and the subjects of the Russian
Federation (in relation to regional Red Books). For example, the Far Eastern Interregional
Directorate of Rosprirodnadzor exercises the following powers: (1) federal state control
(supervision) in the field of protection, reproduction and use of wildlife and their habitats
in SPNA of federal significance that are not under the control of federal state budgetary
institutions; (2) federal state control (supervision) in the field of protection and use of SPNA
in areas of federal significance and within the boundaries of their protected areas that
are not under the control of federal state budgetary institutions; (3) federal state control
(supervision) in the field of handling animals, with the exception of handling service
animals, in terms of compliance with the requirements for the maintenance and use of wild
animals kept or used in captivity, including those belonging to species listed in the RBRF
and/or protected by international treaties of the Russian Federation (with the exception of
compliance with the requirements for the maintenance and use of such animals for cultural
and entertainment purposes); (4) protection of ABR listed in the RBRF, with the exception
of ABR located in SPNA of federal significance.

In addition, Federal state control (supervision) in the field of fisheries and the conser-
vation of marine ABR is carried out by the border agencies of the Federal Security Service
of the Russian Federation. General supervision over the implementation of legislation is
carried out by the prosecutor’s office.

8. Liability for the Damage Caused to RES

Responsibility for causing harm to species listed in the RBRF and their habitats is
described in Article 8.35 of the code of administrative offenses of the Russian Federation:
“Destruction of rare and endangered species of animals or plants” [44] (Table 2). It is also
specified in Article 259 of the criminal code of the Russian Federation: “Destruction of criti-
cal habitats for organisms listed in the Red Book of the Russian Federation” [45] (Table 2). In
addition, Article 258.1 of the criminal code of the Russian Federation provides for separate
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liability for the illegal extraction and trafficking of especially valuable wild animals and
ABR belonging to species listed in the RBRF and/or protected by international treaties of
the Russian Federation. The list of such species is established by a Decree of the Govern-
ment of the Russian Federation of October 31, 2013 N 978 which also includes anadromous
fish species, including Atlantic sturgeon (Acipenser sturio), kaluga (Huso dauricus), Sakhalin
sturgeon (Acipenser mikadoi), and Sakhalin taimen (Parahucho perryi).

Table 2. Summary of the main legal tools related to the responsibility for causing harm to species
listed in the RBRF and their habitats and the corresponding sanctions.

Legal Framework Article Actions Author Sanction/Fine
Actions (inaction) that can lead Administrative fine: 2500 to
to death, reduction in the Citizens 5000 rubles with or without

Code of administrative
offenses of the Russian
Federation

Article 8.35 habitats. Also, extraction,

number of RES listed in the
RBREF or violation of their

confiscation of tools.

Administrative fine: 15,000 to
Officials 20,000 rubles with or without

storage, transportation, § X
confiscation of tools

collection, maintenance, sale or

Criminal code of the
Russian Federation

transfer of RES, their products, Administrative fine: 500,000 to
parts, or derivatives without a Legal entities 1 million rubles with or without
proper permit. confiscation of tools
Illegal extraction and trafficking Fine: 300,000 to 500,000 rubles or

of RES listed in the RBRF and/or in the amount of the wage or

Article 258.1 protected by international other income of the convicted
treaties of the Russian person for a period of two to
Federation three years.
Destruction of critical habitats Compulsory labor: from four
Article 2509 for RES listed in the RBRF, which hundred and eighty hours to
cause the extinction of their three years.
populations. Prison: up to three years.

Tllegal production, maintenance, acquisition, storage, transportation, shipment and
sale of especially valuable wild animals and ABR belonging to species listed in the RBRF
and/or protected by international treaties of the Russian Federation, their parts and deriva-
tives, are punished by compulsory, corrective or forced labor with a fine up to imprisonment.
Similar actions committed using the mass media or the internet, or by a person using his
official position; either with a public demonstration, or by a group of persons by prior
agreement or by an organized group, lead to stricter criminal liability.

To sum up all the previously mentioned tools, apart from the Federal laws (mentioned
in Table 1), Table 3 summarizes the main Federal conservation tools and international
agreements and conventions for the protection of rare species.
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Table 3. Summary of the main Federal conservation tools and international agreements and conven-
tions for the protection of rare species.

Scope Category Legal Framework Year Core Objective
To ensure, on a long-term basis,
Stratesy for the the conservation and restoration
gy . Decree of February 17, of RES of animals, plants and
conservation of RES 2014 A .
for 2030 2014 N 212-r fungi in the interests of the
© sustainable development of the
Russian Federation.
Strategy for the
Erwlronmeptal Security Decree of April 19, Includes some national targets
of the Russian 2017 N 176 2017 related to marine RES (e.g., the
Federation for the Global Targets 6, 10 and 12).
period up to 2025
The official document containing
. a set of information on the state,
National . Order of the Ministry distribution, categories of rarity
Conservation tools Red Book of the of Natural Resources, status and endangered status as
. . May 23, 2016 N 306 2021 well as the protection measures
Russian Federation N
(as amended on required to ensure the
5 July 2021) conservation and recovery of
RES in the EEZ of the Russian
Federation.
Article 8.35 of the Sanctions for causing harm to
Liability for the code of species listed in the RBRF and
damage caused to RES  administrative offenses their habitats.
Article 259 and Article . .
. Sanctions and penalties for
258.1 of the criminal . L .
code of the causing harm to species listed in
. . the RBRF and their habitats.
Russian Federation
. Conservation and wise use of all
Convention on
wetlands through local and
Wetlands of . .
. national actions and
International . . .
. 1971 international cooperation, as a
Importance, Mainly as o -
. contribution towards achieving
a Habitat for .
Waterfowl (Ramsar) sustainable development
throughout the world
Convention on To ensure that international
International International Trade in trade in specimens of wild
agreements and Endangered Species of 1973 animals and plants does not
conventions for the Wild Fauna and threaten the survival of
protection of aquatic Flora (CITES) the species
RESs and birds Convention on the Provides a global platform for
Conservation of the conservation and sustainable
. . 1979 . .
Migratory Species of use of migratory animals and
Wild Animals (CMS) their habitats
Framework Convention Lays down the general
for the Protection of the requirements and the
Marine Environment of 2003 institutional mechanism for

the Caspian Sea
(Tehran convention)

environmental protection in the
Caspian region.

9. Exceptions to Restriction on Harvesting RES

In exceptional cases, the legislation of the Russian Federation allows the extraction of
rare species of ABR. The resolution of the Decree of the Russian government of December 24,
2008 N 1017 “On the extraction (catch) of rare and endangered species of aquatic biological
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resources” together with the “Rules for the extraction (catch) rare and endangered species of
aquatic biological resources”, among other things, concerns species listed in the RBRF [46].
According to this resolution, the extraction of rare species of ABR is allowed for the following
purposes: (1) conservation of ABR; (2) monitoring the state of their populations; (3) imple-
mentation of their artificial reproduction or acclimatization; (4) ensuring the maintenance
of a traditional way of life and the implementation of traditional economic activities of the
indigenous peoples of the North, Siberia and the Far East of the Russian Federation.

It should be noted that the extraction of the RES of ABR listed in the RBRF is carried out
on the basis of permits issued by the Federal Service for Supervision of Natural Resources
in the manner determined by the Ministry of Natural Resources and Ecology of the Russian
Federation. Meanwhile, the other RES of ABR (i.e., not listed in the RBRF) such extraction
is carried out on the basis of permits issued by the Federal Fisheries Agency. The rules
establish that the tools, gears and methods used for the extraction of rare ABR should
not cause damage to the natural populations of these ABR and their habitat. Also, the
tools, gears and methods of extraction used must be selective and in the case of harvesting
marine mammals in a living form, to reduce the possibility of causing them any physical
and mental trauma. The control over compliance with these rules is carried out by both the
Federal Service for Supervision of Natural Resources and the Federal Agency for Fisheries.

10. Conclusions and Identified Gaps

This is the first attempt to summarize the main legislative tools and policies related to
endangered and threatened species in the Russian Federation. Marine legislation has been
developing for many decades and is the key means by which the conservation and protec-
tion of marine biodiversity including endangered and threatened species is achieved. In
addition, recently an increasing focus on ‘holistic” policy development is evident (e.g., strat-
egy and action plan for the conservation of biological diversity of the Russian Federation)
compared with earlier ‘piecemeal” sectoral approaches. Important marine legislative tools
being used in the Russian Federation for the protection and conservation of endangered
and threatened species, including Federal laws “On fishing and conservation of aquatic
biological resources”, “On environmental protection” and “On the animal world”, as well
as internationally binding signed agreements, among others, such as CITES and Ramsar.
Besides the previously mentioned laws and strategies, the most important tool for the
conservation and protection of marine endangered and threatened species is the RBRF and
other regional Red Books. Responsibility for causing harm to the species listed in the RBRF
and their habitat is specified in the code of administrative offenses and also the criminal
code of the Russian Federation.

Some studies are devoted to comparing the effectiveness of the existing regional,
national and international Red Books and red lists on the example of certain regions of the
Russian Federation (e.g., [47,48]). For example, a comparative analysis of the Red Books
and red lists applicable in St. Petersburg and its district showed that currently, these official
documents are so different from each other that it can be difficult to combine them into
one database. It was shown that in some cases the conservation status turns out to be
purely formal, while in reality red-listed species are not always properly protected from
the negative impacts of human activities. It is necessary to bring into a single system
the conceptual gradation of categories of rarity vulnerability of the protected species and
to define clear rules for compiling their lists. The general unification of red lists could
significantly increase the effectiveness of the decision-making process in the field of the
protection of rare and endangered species [48].

Most of the relevant Russian scientific literature in the last 15 years, is focused on
the review of the distribution and dynamic of RES in Russian waters (e.g., at the regional
level [49-52]) and/or proposals for the inclusion of some species in the upcoming edition
of the RBRF (e.g., [53,54]). However, there are very limited studies that analyzed the impact
or implications of the conservation tools and strategies (e.g., SNPA or RBRF) mentioned in
this paper on the status of the RES. For example, Sereda (2016) presented how the Taganay
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National Park contributes to the study of RES included in the Red Book of the Chelyabinsk
Region, providing some examples of fish species, including grayling Thymallus thymallus,
brown trout Salmo trutta, Siberian taimen Hucho taimen, European bullhead Cottus gobio [55].
Similarly, Dolganov and Tyurin (2014) provided information on the Far Eastern Marine
Biosphere Reserve in Peter the Great Bay, Sea of Japan, indicating that about 500 vertebrates,
among them 184 fish species were recorded in the reserve and highlighting that, over the
last 20 years, the number of fish species was increased about 14 species [56]. Another
example of analyzing some of the mentioned conservation tools is Zhevlakov’s (2014)
article which analyzed the problems of the legislative structure and application of Art.
258.1 of the Criminal Code of the Russian Federation about the illegal harvesting and
trafficking of RES listed in the RBRF [57]. The author draws his conclusions and makes
suggestions to improve this Article and its practical application, differentiating between
similar administrative offenses. Such a type of study is highly recommended, considering
the relatively few number of papers dedicated to the study of the impact or implications of
the conservation tools and strategies mentioned in this paper on the status of the RES.

This review also showed a number of gaps and issues in the legislation related to
the protection of RES in Russia. One of the main identified gaps is that the legal status
of protection of species listed in the RBRF does not depend on the categories of rarity
established for them in the RBRF itself. The national legislation does not provide for the
differentiation of the level of protection of species and their habitats listed in the RBRF
on the grounds of their rarity and specific threats of extinction: whether the species is
endangered or relatively safe and recovering, their degree of protection is the same, and
additional conservation measures for more endangered species are not envisaged. The very
inclusion of species in the RBRF is one of the legal formalizing signs of rare or endangered
species (subspecies, populations), as species of legal protection, formally separated from all
other representatives of the animal and plant world.

Another issue was identified in Article 60 of the Federal Law “On environmental
protection” which is very declarative and explicitly only prohibits any economic use of
species listed in the Red Books and any activity that leads to a reduction in their numbers
and worsens their habitat. However, laws themselves make exceptions to these cases and
allow the harvesting of species listed in RBRF in order to conserve ABR; monitoring the
state of their populations; their artificial reproduction or acclimatization; conducting a
traditional way of life and traditional economic activities of indigenous peoples. Sometimes
this may hide the economic use of RES that does not comply with the law, which requires a
more precise specification of such exceptional cases not only in relation to the extraction
but also the circulation of rare species.

The third issue is related to the procedures for the protection of endangered and
threatened species. Up to date, part 2 of article 60 of the Federal law “On environmental
protection” provides for the protection of rare and endangered plants, animals, and other
organisms and for preserving their genetic fund in cryobanks and in artificially created
habitats, but the procedure for these processes has not yet been developed and approved,
which reduces the effectiveness of the protection of species listed in the RBRF.

Finally, the review of key legislation relevant to the protection of endangered and
threatened species in the Russian Federation shows that climate change was not considered
in the drafting of the legislation. Despite the huge increase in knowledge of climate change
impacts in recent decades, legislation is still limited in how it takes these impacts into
account when it comes to protecting endangered and threatened species. There is scope,
however, to account for climate change impacts on the endangered and threatened species
provided in the Global Target 10 of the strategy and action plan for the conservation of
biological diversity of the Russian Federation. In order for policymakers to be able to
consider climate change in developing new legislation, or in amending or implementing
current legislation, there needs to be an effective information flow between the scientific
community and policymakers.
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Abstract: Management strategy evaluation using the Method Evaluation and Risk Assessment
(MERA) platform was used to evaluate management procedures (MPs) for improving the manage-
ment of the leopard coral grouper (Plectropomus leopardus) fishery in Saleh Bay, Indonesia. This
grouper is a valuable species currently under high fishing pressure. It is targeted by small-scale
fisheries using a wide range of fishing methods; hence, management recommendations are needed
to ensure sustainability. A suite of MPs for data-limited conditions were evaluated for their ability
to achieve limit and target biomass reference points (B/Bysy = 0.5 and B/Bysy = 1, respectively),
while maintaining a target yield of at least 0.5 MSY. The simulation results suggest that the currently
implemented harvest control rules (HCRs) in Saleh Bay (size limit and spatial closure) may not be
effective in achieving the management objective to attain the target biomass reference point due to
relatively low compliance with the size limit regulation (320 mm total length) and the very small
proportion of existing MPA no-take areas (~2.2%). This study recommends that the fisheries manage-
ment authority explores the feasibility of implementing the total allowable catch (TAC) and seasonal
closure in addition to the existing fishing regulations for P. leopardus in Saleh Bay.

Keywords: data-limited fishery; management procedure; harvest control rule; size limit; total allow-
able catch; total allowable effort; spatial closure; management strategy evaluation

Key Contribution: This study is the first application of the Method Evaluation and Risk Assessment
tool to inform the small-scale grouper fishery in Indonesia. This is a case study that can serve as a
model for other small-scale fisheries in Indonesia and other regions of the world.

1. Introduction

Grouper (Serranidae) are a key fishery resource with high economic value, and consti-
tute an essential part of the livelihoods of local communities and help provide food security
worldwide [1]. Due to increasing demand for these high-value species, total landings of
grouper have gradually increased globally. For example, in the 1950s, total landings were
around only 50,000 mt, but between 2006 and 2016, they increased from 237,000 mt to
almost 450,000 mt annually [2,3]. China (128,000 mt) and Indonesia (100,000 mt) have the
highest grouper landings, together accounting for over 60% of the landings reported to
FAO [3]. The average annual grouper production in Indonesia was 105,569 mt from 2012 to
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2021, representing 27.3% of the annual global production [4]. These catches contributed
~10% to the total landings of demersal and reef-associated fish species and are mainly
targeted by small-scale fisheries [1,5].

Groupers are large, long-lived, late maturing, aggregating species, with high economic
value, making them highly vulnerable to fisheries pressure and overfishing [3]. A recent as-
sessment reported that 19 of 71 assessed grouper species were in the “threatened” category
under the International Union for Conservation of Nature’s (IUCN) Red List of Threatened
Species [3]. A study of 716 grouper and snapper fisheries globally suggested that about
half of them are in overexploited status [1]. These findings were also confirmed by several
studies at the country level. For example, a study on the stock status of 12 reef fish species
in Palau [6] showed that the high-value species, such as leopard coral grouper (Plectropomus
leopardus) and squaretail coral grouper (Plectropomus areolatus), are prone to overfishing, as
demonstrated by their extremely low estimated spawning potential ratio (SPR) of 0.01 and
0.05, respectively, which is well below the generally accepted limit reference point of 0.20.
In addition, a study by Mudjirahayu et al. in Cendrawasih Bay, Indonesia [7], suggested
that Plectropomus maculatus and Plectropomus oligacanthus suffered from overfishing, as
indicated by larger fishing mortality compared to their natural mortality rate (i.e. F/M > 1).

The leopard coral grouper has a wide distribution, mainly in the Western Pacific
from southern Japan to Australia (Queensland and Western Australia), and from Thailand,
Malaysia, Indonesia, eastward to the Solomon Islands, the Caroline Islands, and Fiji [8-10].
In Indonesia, this species is distributed throughout the country, living mainly in coral reefs
at a wide range of depths from 3 to 100 m [11]. Typically, members of the Epinephelidae are
slow growing and have low natural mortality rates and a long-life span. However, the coral
groupers (Plectropomus spp.) have relatively shorter life spans, grow faster, and have higher
rates of natural mortality, and so are considered less vulnerable to fishing pressure than
other longer-lived grouper species [8]. However, populations of coral groupers continue
to decline due to high exploitation and habitat degradation [6,8]. Despite grouper stocks
continuing to decline worldwide, management efforts are almost nonexistent in most areas
where fishing pressure on grouper populations is high [1,3,8].

Grouper is the main fisheries resource for the West Nusa Tenggara (WNT) province,
Indonesia, with annual grouper production contributing 2.9% to the total WNT annual
capture fisheries production from 2010 to 2021 [12]. Saleh Bay in Sumbawa is one of
the main fishing grounds for grouper fisheries and other WNT fisheries, with an area of
~2087 km? [13] (Figure 1). Local fishers in Saleh Bay target leopard coral grouper, spotted
coral grouper (P. maculatus), orange-spotted grouper (Epinephelus coioides), and malabar
blood snapper (Lutjanus malabaricus) using various fishing gear including bottom longlines,
spearguns, and handlines [5]. Length-based assessments of the 12 most targeted grouper
and snapper species in Saleh Bay indicated very high fishing mortality and low spawning
potential ratio (SPR), suggesting that these species were under high fishing pressure that
led to overfishing or even recruitment failure and collapse [5,14].

Management efforts for grouper fisheries in Saleh Bay have been implemented since
2018, through the enactment of Governor Regulation No. 32/2018 for managing 12 highly
targeted grouper and snapper species. This regulation stipulates several management
measures: catch size limit, fishing gear restriction, spatial closures through improving the
management effectiveness of existing marine protected areas, and strengthening enforce-
ment to stop destructive fishing practices (i.e., cyanide and blast fishing) [15]. Nevertheless,
the annual fisheries monitoring and evaluation showed that the stock condition of some
high-value species (including P. leopardus) remained relatively low in 2021, indicated by
SPR values < 0.3 [16]. In addition, a study by Efendi et al. [14] suggested that P. leopardus
in Saleh Bay has a poor conservation status as indicated by the length-at-first capture
being shorter than the length-at-maturity (i.e. Lc/Ly; < 1), and that the yield is lower than
optimum as indicated by the ratio of average individual length to the optimum length
(Limean/ Lopt) < 0.9). This prompted the WNT government to prepare a rebuilding stock
strategy using a Management Strategy Evaluation (MSE) method for this species if the SPR
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is below the limit reference point (SPR < 0.2). This approach is also part of the requirements
for the Marine Stewardship Council (MSC) certification of the grouper fishery in Saleh
Bay [17].
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Figure 1. Map of Saleh Bay and four main fish landing monitoring (FLM) sites (yellow circles) around
the bay in Sumbawa, West Nusa Tenggara (WNT), Indonesia. Basemap source: Indonesian Geospatial
Information Agency (BIG) and the Wildlife Conservation Society (WCS) Indonesia Program. Red
boxes on insets show location of Saleh Bay in Indonesia and WNT province.

Management strategy evaluation is an approach that compares the relative efficacy for
accomplishing management objectives of various combinations of data gathering systems,
techniques of analysis, and subsequent procedures leading to management actions (e.g.,
harvest strategy) using simulations with a mathematical model of the fishery system [18].
The MSE approach can help fisheries managers to select from a list of candidates, the man-
agement strategy that is most likely to achieve management goals or assess the effectiveness
of an existing management approach, even when data for conventional stock assessment
are not adequate [18,19]. Over the last decade, MSE has become increasingly used for plan-
ning, evaluating, and implementing fisheries management plans for data-limited fisheries,
frequently including participatory modeling [20]. For example, MSE using the data-limited
method toolkit (DLMtool) has been applied to Pacific groundfish species (Pleuronectidae
and Scorpaenidae; [21]) in Canada; developing fisheries management plans for barred sand
bass (Serranidae) in California, and halibut, red sea urchin, and warty sea cucumber in
California [22]; and seven data-limited fisheries in Indonesia [23], including leopard coral
grouper [11].

One methodology developed for applying MSE to fisheries is the Method Evaluation
and Risk Assessment (MERA) application, which was developed as a tool to evaluate
alternative management strategies and aid selection of the approach that is most likely
to achieve the desired management objectives [24]. Since MERA applies a quantitative
approach and documents all steps in the process, it has advantages over more qualitative
approaches to MSE, such as the Productivity Susceptibility Analysis (PSA) [25]. Although
often considered a useful tool for management evaluation, a qualitative approach is often
subjective and not reproducible [25]. On the other hand, MERA enables clear quantitative
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documentation of the simulation and analysis process, including the data and assumptions
being used, to allow the process to be repeatable [24,25].

This study is part of the process of providing fisheries management advice for P. leopardus,
the main high-value grouper species targeted by small-scale fisheries in Saleh Bay [26].
The MERA application was applied to evaluate the performance of a suite of different
management procedures for achieving fisheries management objectives, particularly the
biological objective of achieving sustainable fish stocks and the fishery objective of sustain-
ing yields from the fishery. This study conducted simulations and analysis using MERA to
(1) evaluate the performances of 20 management procedures (MPs) to achieve management
objectives of P. leopardus under current fishery conditions; (2) evaluate the performances of
20 MPs under a stock rebuilding scenario, i.e., under depleted P. leopardus stock conditions
(biomass below the limit reference point); and (3) evaluate a suite of customized manage-
ment procedures (19 MPs based on variations of catch reductions, size limits, and length of
closure to fishing) as a basis for recommending technical harvest control rules that may be
applicable for P. leopardus management in Saleh Bay. MERA was also used to evaluate the
greatest sources of uncertainty affecting the simulation results of each MP. The results from
this study will inform fisheries managers and stakeholders of the management procedures
that are simulated to have a high probability of achieving management objectives, such as
maintaining biomass within the population and yield from the fishery.

2. Materials and Methods
2.1. Study Area and Fishery

Saleh Bay is situated on Sumbawa Island and is one of the main fishing grounds for
~5800 pelagic, demersal, and reef fishers in WNT Province, Indonesia [5,13,14]. It is a
semi-enclosed area with a total area of 2087 km? and maximum depth of 324 m [13,27]. Its
128 km long coastline is inhabited by ~67,000 people distributed in 26 coastal villages [13,27].
Saleh Bay encompasses a variety of habitats, including small islands and varied coastal
ecosystems such as coral reefs, seagrass, and mangroves, which provide vital habitats for a
variety of fish resources [13].

Since 2016, the small-scale grouper and snapper fisheries in Saleh Bay have been
intensively studied through the fish landing monitoring (FLM) program by the WNT
provincial government, supported by various stakeholders. The FLM program has made
it possible to improve the fisheries data quality of Saleh Bay, which also includes data on
species, length composition, fishing effort, fishing unit characteristics, and socio-economic
data. The FLM program in Saleh Bay focused on four main landing sites (Figure 1) that
were agreed upon by the government and stakeholders as monitoring sites, where >80% of
the fishing population in Saleh Bay is concentrated [13,15]. The resultant data allowed a
fisheries action plan to be formulated through Governor Regulation No. 32/2018, which has
been enforced and monitored since September 2018 [15]. This regulation governs the fishing
activities targeting 12 main grouper and snapper species in Saleh Bay through (1) limiting
the catch size, (2) limiting the size of fish to trade, (3) regulating the specifications of several
fishing gears (e.g., hook and mesh size), and (4) recommending fishers and fisher groups
to develop an agreement on restricted fishing times to reduce fishing pressures. Most of
the data and information used in this study were taken from analyses of data from the
FLM program.

Based on the technical and operational characteristics of fishing units, the grouper
fishery in Saleh Bay is a small-scale complex fisheries system. This employs multiple types
of fishing gear and methods with various boat characteristics and targets a wide range of
species. Over 75 grouper and snapper species are caught in Saleh Bay, where P. leopardus is
among the most targeted species. Among seven fishing gear/methods operating in Saleh
Bay, the bottom longline, speargun, and handline contributed about 90% to the grouper
catch in Saleh Bay [5], and P. leopardus is a high-value species for local and export markets,
mainly Hong Kong and Taiwan [28].
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Plectropomus leopardus is a protogynous hermaphroditic species, aggregating during
spawning to form groups of several hundred fish [10]. In addition, this species also
undergoes diandric protogyny, where male P. leopardus may develop from either immature
or mature females [8]. In eastern Indonesia, spawning of P. leopardus occurs from October to
January, with reproductive peaks in November and December [29]. The spawning season
in higher latitude waters is from May to July in the Okinawa Islands, Japan [30], and from
September to December in the Great Barrier Reef, Australia [8].

Species in the Plectropomus genus have a high level of inter-specific variation in mean
size and age at maturity, with ranges of 35-62 cm TL (mean size), 1.8-4.6 years (age at
maturity), and sex change at 42.0-87.4 cm TL [8]. The growth parameters of P. leopardus
in Saleh Bay (for both sexes combined) used for this analysis were: Le = 719.4 mm,
k (year—1) = 0.12, ty = —1.17 year, and natural mortality M = 0.16 year ! (n samples = 1159)
(Table 1; [26]). The growth parameters for P. leopardus vary widely among different regions,
e.g., the estimated Lo, ranges from 416 mm in Cendrawasih Bay (Papua) to 924 mm in
South Sulawesi, and k ranges from 0.21 in Southeast Sulawesi to 1.2 year*1 in Papua [11];
see also [5,8].

2.2. MERA Operation

MERA uses two inputs: (1) responses from an essential quantitative questionnaire and
(2) an optional input of fisheries data in a standardized format. The questionnaire consists
of 30 questions which are grouped into three categories: fisheries characteristics (including
biological attributes of the target species, 19 questions); suitable fisheries management
type (7 questions); and the quality of data (4 questions) [24]. By default, MERA runs
its simulation based on the data and information input into the questionnaire. When
provided, the standardized fishery data is used for (1) conditioning an operating model
when simulating Management Planning, Management Performance, and Risk Assessment
modes using closed-loop simulation, and/or (2) estimating the status of exploited stocks
in Status Determination Mode [24]. Seven categories of fishery data can be provided:
biological parameters, selectivity parameters, historical catch and effort data, catch-at-age
data, catch-at-length data, and reference points or other metrics [24].

MERA has three primary modes of operating for providing information on manage-
ment options or procedures: (1) Management Planning: which entails determining an
appropriate management mode; (2) Management Performance: which assesses current
management practices; and (3) Calculating current stock status [24]. This study uses the
Management Planning mode to evaluate the performance of the management procedures
that will inform management. This mode provides a closed-loop simulation testing of
numerous management procedures and diagnostics to help managers identify research
priorities. The inputs required for MERA analysis are (1) responses from an essential
quantitative questionnaire, (2) an optional input of fisheries data in a standardized format,
and (3) a selection of management procedures (Figure 2). This study evaluates 20 manage-
ment procedures conditioned to the current fishery state, based on data and information
provided in the questionnaire and fishery data, and in the rebuilding scenario where the
current biomass is assumed to be between 30 and 50% of Bygy (biomass at maximum
sustainable yield; Figure 2). It also evaluates 19 custom management procedures developed
specifically for P. leopardus in Saleh Bay.

2.2.1. MERA Questionnaire

The MERA questionnaire consists of 30 questions which are grouped into three cat-
egories: (1) fisheries characteristics (including biological attributes of the target species,
19 questions); (2) suitable fisheries management type (7 questions); and (3) the quality
of data (4 questions; [24]). The questionnaire was completed through a data workshop
involving scientists from the Indonesian Research and Innovation Agency (BRIN), the Fish-
eries Resources Center of Indonesia (FRCI), Mataram University, the Wildlife Conservation
Society (WCS) Indonesia Program, the scientific forum for fisheries management of West
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Nusa Tenggara (FIP2B), and the West Nusa Tenggara Marine and Fisheries Agency as
the fisheries management authority. The questions in the questionnaire were answered
using the best available data, scientific literature, and expert judgment and knowledge of
the fishery in the study area. The complete data inputs for the MERA questionnaire are
provided in Supplementary Material S1.
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Figure 2. The flow of the MERA simulation performed in this study including data inputs, three
modes of closed-loop simulation (default, rebuilding stock, and custom simulations) that result in
projected biomass stocks and yields and a yield-biomass trade-off plot, and selection of MPs to
inform management of P. leopardus in Saleh Bay. Dashed rectangles enclose the default and custom
MERA simulations. Adapted with permission from Carruthers et al. [24].

2.2.2. Fishery Data

The available fishery data used in this study consist of (1) biological parameters,
(2) selectivity parameters, (3) a time series of historical catch, coefficient of annual variation
of catch (cv; estimated using expert judgement at 0.1 per year), and vulnerable abundance
index, (4) catch-at-length, and (5) estimated current stock depletion (Table 1; Supplementary
Material S2). The biological and selectivity parameters were derived from a study in Saleh
Bay [26], a recent fisheries monitoring and evaluation report [16], and studies from other
areas (e.g., [31]). The historical catch data were derived from the fisheries statistics data
of the WNT Province from 2009 to 2015, and the fish landing monitoring data from 2016
to 2021. We used the catch per unit effort (CPUE) estimation from Efendi et al. [32] as the
abundance index for 2009 to 2015, and standardized CPUE estimation from fish landing
monitoring data for 2016 to 2021. Catch-at-length data were derived from the fish landing
monitoring data from 2016 to 2021. When the fishery data matrix is uploaded, MERA
overrides the corresponding data and information in the questionnaire and replaces it with
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data from the fishery data matrix. MERA then uses the fishery data matrix in conditioning
the operating model to the current state of the fishery.

Table 1. Fishery parameters and data used for the Method Evaluation and Risk Assessment
(MERA) simulations of different management procedures for P. leopardus in Saleh Bay, Indone-
sia. SPR = spawning potential ratio. FIPP2B = scientific forum for fisheries management of West
Nusa Tenggara province.

Parameters Value References
Life history and stock
Maximum age (year) 26
M (year™) 0.16
Von Bertalanffy L;,,¢ parameter (cm) 71.9
Von Bertalanffy k parameter 0.12
Von Bertalanffy t;, parameter (year) —-1.17 Mathews and Samuels [31];
Length-weight parameter a 0.0182 Agustina et al. [16,26,33]
Length-weight parameter b 297
Length at 50% maturity (cm) 38.8
Length at 95% maturity (cm) 41.8
Length at first capture (cm) 34.6
Estimated from current SPR relative to
Stock depletion 0.32 general MSY equilibrium model
(Goethel et al. [34]; Hoshino et al. [35])
Catch data
Range of total annual catch (kg), from 2016 to 2021 3773.1-5629.4 FIP2B fish landing monitoring data and

Catch-at-length (cm), from 2016 to 2021

Size class range: 20-64 cm; analyses from 2016 to 2021 (unpublished)
n = 4115

The stock depletion value for MERA’s model conditioning was calculated from the
spawning potential ratio (SPR) estimation of P. leopardus in Saleh Bay from 2017 to 2022
using the equilibrium model of maximum sustainable yield (MSY) and the SPR relationship
from Goethel et al. [34]. Based on the simulated equilibrium MSY model of Goethel
et al., the SPR values at MSY range from 0.24 to 0.38, depending on the assumption
used for the stock-recruit model. The LBSPR values of P. leopardus in Saleh Bay from
2017 to 2022 ranged from 0.12 to 0.32 (mean = 0.24) [16]. Given the unknown stock-
recruit relationship for P. leopardus in Saleh Bay, we chose Goethel’s SPR at MSY value
(SPRpsy) = 0.38 as a precautionary approach. Using the estimated SPR at MSY (SPRysy)
at 0.38, we approximated the current biomass of P. leopardus in Saleh Bay as 0.63 of Bysy
(SPReyrr at 0.24 divided by SPRysy at 0.38). Using the general equilibrium MSY model from
Hoshino et al. [35] where Byisy = 0.5 By, we estimated the current biomass level relative
to unfished biomass (Bcurr/Bp) or depletion of the P. leopardus =~ 0.32 By (0.63 x 0.5 Bp).
Thus, we used the depletion value (D) = 0.32 in the uploaded fisheries data matrix as the
reference value for the MERA simulation. The more detailed fishery data matrix used in
this study is presented in Supplementary Material S2.

2.2.3. Management Procedures

In this simulation, we used two groups of management procedure (MP): MERA’s
default MPs and a set of custom MPs. The default MPs are MERA’s “Top 20” MPs, a subset
of 20 MPs that regularly rank among the top performers across a wide range of operating
models. These procedures include those based on the total allowable catch (TAC), total
allowable effort (TAE), size limits (SzLim), and spatial closures (Table 2; see Supplementary
Material S3 for a detailed description of these 20 MPs). The 20 customized MPs (Table 2)
included variations in TAC and TAE where the nominal total allowable catch and effort are
reduced by 10 to 25% (with a 5% annual increment) of the current catch and effort level
(mean of the five years from 2017 to 2021). We also tested a scenario of seasonal closure of
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fishing (reducing annual fishing effort), varying from a one-month closure to four months,
to mimic the TAE. We also tested a wide range of catch size limits (from 25 to 40 cm in total
length [TL]), starting from a hypothetical catch size smaller than the 50% length-at-maturity
(Lsp = 38.8 cm TL, Table 1), where the current agreed size limit for the P. leopardus in Saleh
Bay is only 32 cm. The size limits tested were 25 cm TL, and then in 2 cm increments from
28 to 40 cm TL. To perform the customized MP simulation, a file containing a series of
R-scripts was uploaded to MERA (Supplementary Material S4). The reference of R-scripts
for operating model conditioning was accessed from https:/ /openmse.com/ (accessed on
13 November 2022).

Table 2. MERA's default and custom management procedures (MPs) are simulated in this study.
Descriptions of the default MPs are from DLM Tool Documentation 6.0.6 by T. Carruthers, Q Huynh,
and A. Hordyk (https:/ /dlmtool.openmse.com/reference/index.html; accessed on 2 August 2023).
Full descriptions of MPs are given in Supplementary Material S3.

Management Procedures Procedures Evaluated

MERA'’s Default MPs (1 = 20)

DBSRA (Depletion-Based Stock Reduction Analysis)
DBSRA_40 (Depletion-Based Stock Reduction Analysis 40)
DBSRA4010 (Depletion-Based Stock Reduction Analysis 4010)
DCAC (Depletion Corrected Average Catch)

DCAC_40 (Depletion Corrected Average Catch 40)

DD (Delay-Difference Stock Assessment)

Total Allowable Catch (TAC, 13) DD4010 (Delay-Difference Stock Assessment 4010)

MCD (Mean Catch Depletion)

MCD4010 (Mean Catch Depletion 4010)

Fratio (F and M ratio)

HDAAC (Hybrid Depletion Adjusted Average Catch)
IT10 (Iterative Index Target 10%)

IT5 (Iterative Index Target 5%)

Total Allowable Effort (TAE, 3)

DDe (Effort-based Delay-Difference Stock Assessment)
DDe75 (Effort-based Delay-Difference Stock Assessment 75%)
ITe10 (Index Target Effort-Based 10%)

Size Limit (2)

Matlenlim (Size limit at length-at-maturity)
Matlenlim2 (Size limit at 110% length-at-maturity)

Spatial Closure/Marine Protected Area (2)

MRnoreal (Spatial closure—no reallocation of effort)
MRreal (Spatial closure—with reallocation of effort)

Custom MPs (n = 19)

Total Allowable Catch (TAC; 4)

Index_10_TAC (Reduction of 10% from current catch)
Index_15_TAC (Reduction of 15% from current catch)
Index_20_TAC (Reduction of 20% from current catch)
Index_25_TAC (Reduction of 25% from current catch)

Total Allowable Effort (TAE; 4)

Index_10_Eff (Reduction of 10% from current effort)
Index_15_Eff (Reduction of 15% from current effort)
Index_20_Eff (Reduction of 20% from current effort)
Index_25_Eff (Reduction of 25% from current effort)

Size Limit (8)

SL_25 (set catch size limit at 25 cm)
SL_28 to SL_40 (set catch size limit at between 28 to 40 cm, with
2 ¢cm increment)

Seasonal closure (3)

SC_2 (no fishing for 2 month)
SC_3 (no fishing for 3 month)
SC_4 (no fishing for 4 month)

90



Fishes 2023, 8, 498

2.2.4. Evaluating the Performance and Selecting Management Procedures

We evaluated and selected the MPs as management recommendations based on their
performances in achieving biomass (B) limit and target reference points relative to biomass
at maximum sustainable yield (Bysy) and the probabilities of achieving a reasonably high
yield (Y) relative to the current yield (Ycurr). We selected both the MERA default and custom
MPs as management recommendations when the MPs (1) achieve the B/Bygy > 1 target
in year 50, (2) achieve the B/Bysy > 1 target in medium-term stock rebuilding scenario
(year 20), (3) achieve the B/Bysy > 1 in long-term stock rebuilding scenario (year 50), and
(4) achieve Yi/Ycurr > 1 in year 50. MPs not meeting these criteria were filtered out and not
selected for further discussion in this study.

2.2.5. Biomass and Yield Projections

Probability projection plots of biomass and yield for each selected MP were also
provided to achieve the pre-determined reference points for the current fisheries condition
(base simulation) and whether they could rebuild the hypothetical depleted stock (stock
rebuilding simulation). The probability projection plots are simulated in two different time
frames. The base simulation evaluates biomass and yield projections in 0-10 years (short-
term) and 50 years (long-term), while the stock rebuilding simulation plots the projections
in 20 years (medium-term) and 46-50 years (hereafter termed “50” years; long-term). In the
stock rebuilding simulation, the MP will likely provide a high probability of rebuilding the
stock when the median estimates of the probability plot exceed the target reference point
B/ Bmsy > 1.

Tradeoff plots of project biomass (x-axis) and yield (y-axis) for the selected MPs are
displayed to identify those MPs predicted to achieve biomass and yield reference points
in the long-term. Two yield-biomass plots are provided with different probabilities of
biomass targets shown on the x-axis: the probability of maintaining biomass level above
(a) the limit reference point B > 0.5Byisy and (b) the target reference point B > Byigy over a
long-term period (“50” years).

2.2.6. Source of Uncertainties and Variation in Yield Projections

Parameter inputs from answers to the MERA questionnaire and the fishery data
matrix and the operational models used in MERA also contribute to uncertainties, causing
variation in the probability projection of long-term yield. Uncertainty plots for the selected
MPs are provided to identify the source of uncertainties that affect the variability in the
projection of the long-term yield (LTY) as a percentage (%LTY).

3. Results
3.1. Selection of Available Management Procedures

Based on the selection criteria, ten default MPs and eight custom MPs were selected as
potential management recommendations for P. leopardus in Saleh Bay (Table 3). These MPs
were selected based on their performance in keeping biomass above the limit reference point
(LRP) and simultaneously achieving the biomass and yield target reference points (TRP) in
the 50-year simulation. For example, DBSRA4010 (depletion-based stock reduction analysis)
had the highest probability (98.7%) of maintaining biomass above the limit reference point
(B> 50% Bpsy), while at the same time being able to achieve the target biomass (B/Bysy > 1)
and target yield (Yt/Ycurr = 1). Only simulations for the selected default MPs achieved
the limit and target reference points of biomass in the stock rebuilding scenario (Table 3).
In addition to the TAC MPs, the selected MPs included those using a seasonal closure
from two to four months (i.e., a form of total allowable effort) and size limits from the
current size limit of 32 cm total length to 40 cm total length (Table 3). In contrast, no custom
MPs performed well under the stock rebuilding scenario. All the default total allowable
effort (TAE), size limit, and spatial closure (MPA)-based MPs showed poor performance in
achieving the LRP and TRP for biomass (Table 3).
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Table 3. Selected default and custom management procedures (MPs) based on the selection criteria
for P. leopardus in Saleh Bay, West Nusa Tenggara, Indonesia (* are the main considerations in
MP selection).

Simulation for Stock

Simulation for Current Fishery Condition Rebuilding Scenario

MP MP . Achieve Achieve ) Achieve )
MP T G Mean Prob. Mean Prob. Achieve YUY —1i B/BMSY >1in B/BMSY > 1in
ype  BIOUP Biomass > Biomass>  B/BMSY>1in e = ear 1-10 or ear 46-50 or
Year 46-50 Y y
50%Bnmsy Bumsy year 46-50 (1= (1= Yes; short-term long-term HCR
(Year 1-10) (Year 1-10) Yes; 0 = No) * 0=No) M HCR (1 = Yes; (1 = Yes;
0=No) 0=No) *
DBSRA4010 TAC Default 98.7 271 1 1 1 1
DD4010 TAC Default 98.7 28.4 1 1 1 1
MCD4010 TAC Default 98.7 30.1 1 1 1 1
DBSRA TAC Default 98.6 20.3 1 1 1 1
DCAC_40 TAC Default 98.6 222 1 1 1 1
DCAC TAC Default 98.6 22.8 1 1 1 1
MCD TAC Default 98.6 26.5 1 1 1 1
HDAAC TAC Default 98.6 271 1 1 1 1
DD TAC Default 97.8 11.0 1 1 0 1
DBSRA_40 TAC Default 97.4 114 1 1 0 1
SC_ 4 TAE Custom 94.59 3.53 1 1 0 0
SC_3 TAE Custom 91.36 2.81 1 1 0 0
SC_2 TAE Custom 89.48 2.4 1 1 0 0
SL_40 SzLim  Custom 91.05 3.22 1 1 0 0
SL_38 SzLim  Custom 88.76 3.01 1 1 0 0
SL_36 SzLim  Custom 88.25 2.81 1 1 0 0
SL_34 SzLim  Custom 86.35 2.7 1 1 0 0
SL_32 SzLim  Custom 85.53 22 1 1 0 0

3.2. Yield-Biomass Trade-Offs

The yield-biomass trade-offs plot of the 18 selected MPs showed that only DBSRA and
DBSRA4010 (TAC-based MPs; output control) had a high probability (>0.75) of exceeding
the biomass limit (B > 50% Byisy) and target (B > Byjsy) reference points, while still achieving
a reasonably high probability (>0.75) of yield being >50% of the reference yield (i.e., the
yield at MSY) over the long term (Figure 3). The custom size limit and seasonal closure
MPs showed a high probability (>0.75) of yield being >50% yield at MSY with lower
probability (0.5-0.75) in achieving biomass limit and reference points. The other MPs
(TAC-based; output control) performed very well in maintaining the biomass condition
(probability > 0.75) but had lower probability (<0.75) of having a reasonably high yield
(Figure 3).

3.3. Biomass Projections
3.3.1. Biomass Probability Projections

Based on the trade-off plots (Figure 3), 10 MPs were selected as management recom-
mendations for further analysis (Tables 4 and 5). Eight of these ten MP projections (all
except for the SL._32 and SL_34) had a very high probability (>90%) of being above the
biomass limit reference point (B > 0.5 Byjsy) over the first 10 years of simulation (i.e., 2024
to 2033, Table 4). In contrast, all of these MPs, except DBSRA and DBSRA4010, had low
probabilities (<0.6) of achieving the biomass target reference point (B > Byisy) (Table 5).
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Figure 3. The long-term yield-biomass trade-off of the selected management procedures for P. leopar-
dus in Saleh Bay, West Nusa Tenggara showing the probabilities of achieving (a) the limit reference
biomass (B > 0.5Bysy) and (b) the target reference biomass (B > Byssy). The y-axis is the probability
of obtaining more than half the reference (Ref.) yield (i.e., 0.5 Bysy). Input MPs (size limits, total
allowable effort, or spatial closures) = green lettering; output MPs (total allowable catch) = gold
lettering. Blue shades show probability thresholds between 0-0.2 and 0-0.8. The top-right region
represents better performance, and the bottom-left represents worse performance. Descriptions of
MPs are given in Table 2 and Supplementary Material S3.
Table 4. Probabilities of the 10 selected management procedures (MP) achieving the limit reference
point of biomass (B > 0.5 Bysy) for P. leopardus in Saleh Bay Indonesia over 10 years of simulation
(2024-2033). Probabilities > 90% = green shaded, 50-90% = orange shaded. MP type denotes the class
of MP according to the type of advice it provides: Total Allowable Catch (TAC), Total Allowable Effort
(TAE), and Size Limit (SzLim). Full descriptions of MPs are given in Supplementary Material S3.
MP MmpP Year
MpP T G
ype TOUP 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033
DBSRA TAC Default
DBSRA4010  TAC Default
SC_2 TAE Custom
SC_3 TAE Custom
SC_4 TAE Custom
SL_32 SzLim  Custom
SL_34 SzLim  Custom
SL_36 SzLim  Custom
SL_38 SzLim  Custom
SL_40 SzLim  Custom
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Table 5. Probabilities of 10 selected management procedures (MP) achieving the target reference
point of biomass (B > Byjsy) for P. leopardus in Saleh Bay Indonesia over 10 years of simulation
(2024-2033). Probabilities > 75% = green shaded, 50-75% = orange shaded, and <50% = red shaded.
MP type denotes the class of MP according to the type of advice it provides: Total Allowable Catch
(TAC), Total Allowable Effort (TAE), and Size Limit (SzLim). Full descriptions of MPs are given in
Supplementary Material S3.

MP MP Year
MP Type Group
2024 2025 2026 2027 2028 2029 2030 2031 2032 2033
DBSRA TAC Default
DBSRA4010 TAC Default
SC_2 TAE Custom
SC_3 TAE Custom
SC_4 TAE Custom
SL_32 SzLim  Custom
SL_34 SzLim  Custom
SL_36 SzLim  Custom
SL_38 SzLim  Custom
SL_40 SzLim  Custom
3.3.2. Biomass Projections Plots
Under the current fishery conditions, all the selected MPs performed well in achieving
the biomass target reference point (B/Bysy = 1) over the long-term simulation of 50 years
(Figure 4). However, almost all MPs (except for DBSRA and DBSRA4010) have relatively
higher uncertainty as shown by a wider probability interval (blue and light blue shades),
and have 50% probability intervals (blue shade) being lower than the biomass target
reference point.
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Figure 4. Biomass projection (B/Bysy) relative to the target (B/BMSY = 1) and limit reference points
(B/BMSY = 0.5) for P. leopardus in Saleh Bay, West Nusa Tenggara, Indonesia. Light blue = 90%
probability interval, dark blue = 50% probability interval, white line = median estimate, and two
dark blue lines = example simulations. The two horizontal grey lines represent Byjsy as the target
reference point and 0.5 Byssy as the limit reference point. DBSRA = depletion-based stock reduction
analysis; DBSRA4010 = depletion-based stock reduction analysis with 40-10 rule; SC_2 to SC_4 = two
to four months seasonal closure; SL_32 to SL-40 = size limit at 32 to 40 cm. Descriptions of MPs are
given in Table 2 and Supplementary Material S3.
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Under the stock rebuilding scenario where the stock depletion rate is simulated
between 30 and 50% Bysy, only DBSRA and DBSRA4010 performed well in achieving
the target reference point within 20 years (Figure 5) and 50 years (Figure 6). The other
MPs showed poor performance even in maintaining the biomass above the limit reference
point in simulations within 20 and 50 years. A no-fishing scenario (NFref) projection is
also plotted as a reference for other MPs (Figures 5 and 6). For example, if a no-fishing
regulation is implemented, the stock will likely be rebuilt to B/BMSY > 1 in ~5 years in the
medium term and 15 years in the long-term simulation. This suggests that only DBSRA
and DBSRA4010 will likely perform well in rebuilding the P. leopardus stock if its biomass
falls below the limit reference point.
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Figure 5. Short-term (20 years) biomass projection under a stock rebuilding scenario (started from
the stock condition at 30 to 50% Bysy) relative to the target and limit reference points (B/Bysy)
for the P. leopardus. The light blue represents a 90% probability interval, the dark blue represents
a 50% probability interval, the white line is the median estimate, and the two dark blue lines are
example simulations. The two horizontal grey lines represent target and limit reference points.
DBSRA = depletion-based stock reduction analysis; DBSRA4010 = depletion-based stock reduction
analysis with 40-10 rule; SC_2 to SC_4 = two to four months seasonal closure; SL_32 to SL-40 = size
limit at 32 to 40 cm; NFref = no-fishing reference. Descriptions of MPs are given in Table 2 and
Supplementary Material S3.
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Figure 6. Long-term (50 years) biomass projection under a stock rebuilding scenario (started from
the stock condition at 30 to 50% Bysy) relative to the target and limit reference points (B/Bysy)
for the P. leopardus. The light blue represents a 90% probability interval, the dark blue represents
a 50% probability interval, the white line is the median estimate, and the two dark blue lines are
example simulations. The two horizontal grey lines represent target and limit reference points.
DBSRA = depletion-based stock reduction analysis; DBSRA4010 = depletion-based stock reduction
analysis with 40-10 rule; SC_2 to SC_4 = two to four months seasonal closure; SL_32 to SL-40 = size
limit at 32 to 40 cm; NFref = no-fishing reference. Descriptions of MPs are given in Table 2 and
Supplementary Material S3.

3.4. Yield Projections

In general, the yield projection plots over a 50-year period (from 2024 to 2074) showed
a very good performance of the 10 MPs for maintaining the yields higher, or stable, above
the current yields, i.e., Yt/Ycurr > 1 (Figure 7). The seasonal closure and size limit MPs
showed a stable yield projection above the current yield with relatively low uncertainty
(shown by narrow probability intervals). In contrast, DBSRA and DBSRA4010 showed a
very high yield projection with a wide range of probability intervals (high uncertainty).
This suggests that selecting any of these MPs to manage P. leopardus will likely maintain the
long-term fishery yield in Saleh Bay.
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Figure 7. Yield projection relative to the current yield for the P. leopardus over a 50-year period. The
light blue represents a 90% probability interval, the dark blue represents a 50% probability interval,
the white line is the median estimate, and the two dark blue lines are example simulations. The
horizontal grey lines represent the Yi/Ycurr = 1. DBSRA = depletion-based stock reduction analysis;
DBSRA4010 = depletion-based stock reduction analysis with 40-10 rule; SC_2 to SC_4 = two to four
months seasonal closure; SL_32 to SL._40 = size limit at 32 to 40 cm. Descriptions of MPs are given in

Table 2 and Supplementary Material S3.

3.5. Sources of Uncertainty in Projections of the Long-Term-Yield

The sources of uncertainty contributing to the variation in the long-term yield projec-
tions (%LTY uncertainty) for P. leopardus varied across the 10 selected MPs. The maximum
%LTY uncertainty ranged from 13 to 18% for the answers to the questionnaire (Figure 8),
and were much higher (maximum = 27%) for the fishery data matrix (Figure 8). From the
answers to the questionnaire, the longevity, fishing effort variation, TAC and TAE offsets,
and hyperstability were the top five variables contributing to the uncertainty in projections
of %LTY for the DBSRAs (Figure 7). The longevity (maximum age), steepness, fishing effort
variation, post-release mortality, and hyperstability were the top five variables contributing
to the uncertainty in projections of %LTY for the seasonal closure MPs, ranging from 11
to 14%. Fishing effort variation, post-release mortality, and hyperstability were also in the
top five variables contributing most to the uncertainty in projections of %LTY for size limit
MPs, as well as selectivity and future catchability. The uncertainty plots for the fishery data
matrix are only available for MERA'’s default MPs (DBSRAs). The top five contributing
variables to uncertainty in the projections for the %LTY from the fishery data matrix were
biases in depletion, von Bertalanffy’s k, length-at-maturity, and catch and depletion error
(Figure 9). Depletion bias contributed by far the greatest to long-term yield uncertainty, i.e.,
22%, in these projections, compared with <15% for all other variables (Figure 9).
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Figure 8. Source of uncertainties of 10 selected management procedures (MPs) for projections of the
size limit variation; Cat. Rep. Bias. = catch reporting bias; Post. Rel. Mort. = post-release mortality;

long-term yield for P. leopardus in Saleh Bay, West Nusa Tenggara, Indonesia, sourced from the answers
fishing efficiency. Descriptions of MPs are given in Table 2 and Supplementary Material S3.

to the MERA questionnaire. Some abbreviated variables: Effort Var. = effort variation; Size Lim Var.

Initial Dep. = initial depletion; Rec. Var. = recruitment variability; Hist. catchability



Fishes 2023, 8, 498

DBSRA DBSRA4010
254 25+
20 20
5
8
=
[
s 15 15
5]
@
o
g
S
£
5 19 104
H
8
]
=
ER s
o o
288 ER BB ESR 8§88 ES8RER
EE5EWEBE5Ys 5584553543
§XE8E8E28% s§X8g852%8%3
T 2= 0= 2 0= 2 s
2573586 g>72 e s 280 g>90
3 s 8 > I 3 g 8 = T
a = a a =

Question / operating model characteristic

Figure 9. Source of uncertainties of the two default management procedures for projections of the
long-term yield of P. leopardus in Saleh Bay, West Nusa Tenggara, Indonesia, from the fishery data
matrix. Some abbreviated variables: VB. K. Bias = bias in von Bertalanffy’s k variable estimation; Len.
Mat. Bias = length maturity bias; Depletion Err. = depletion error; VB. Linf Bias = bias in von Berta-
lanffy’s Linf variable; catch Err. = historical catch error; FMSY_M bias = bias in Fygy /M estimation.
Descriptions of MPs are given in Table 2 and Supplementary Material S3. DBSRA = Depletion-based
stock reduction analysis.

4. Discussion

Using the Method Evaluation and Risk Assessment (MERA) application, the effect
of a suite of the 10 selected default and custom management procedures (MPs) on the
short (10 years), medium (20 years), and long-term (46-50 years) biomass and yield of
the P. leopardus stock in Salah Bay, Indonesia, were evaluated, and uncertainties in the
simulations were determined. The management procedures were evaluated in two groups:
(i) simulations based on current fishery conditions and (ii) simulations under the stock
rebuilding scenario. Simulations to evaluate management procedures in this study were
performed based on quantitative information to the MERA questionnaire and fishery data
matrix, which contains data and information on fishery dynamics, management, biology
and life history, and historical catch and effort.

4.1. Performance of Management Procedures

Of the four groups of MPs simulated in MERA, i.e., total allowable catch (TAC),
total allowable effort, size limits, and spatial closures, the majority of TAC-based MPs
showed a high probability of achieving the limit and target reference points for biomass.
Custom seasonal closure MPs, ranging from two to four months, also showed relatively
high probabilities of achieving these reference points. In contrast, the default size limit and
spatial closure (MPA)-based MPs (input control) were simulated to have low probabilities
of achieving the reference points for almost all scenarios. The high retention of fish smaller
than the 50% size-at-maturity (Ls) likely contributed to the low performance of the size-
limit-based MPs, especially in the stock rebuilding scenario. The catch-at-length data
distribution in the fishery data matrix, collected from fish landing sites, suggests that
almost 44% of P. leopardus catches are smaller than the estimated L5y (38.8 cm TL). Although
the mean catch size of P. leopardus increased after enacting the size limit regulation [14], the
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current size limit regulation in Saleh Bay for P. leopardus is still nearly 7 cm smaller than the
estimated Ls.

At least two input parameters contributed to the poor performance of the spatial
closure or marine protected area (MPA)-based MPs: (i) the very small size of the existing
no-take area (NTA) of two MPAs, causing (ii) high spatial mixing (movement) of this
species in and out of the NTAs. The total area of the NTAs of existing MPAs in Saleh Bay
(Pulau Liang-Ngali MPA and Pulau Lipan-Rakit MPA, area = 45.4 km?) is ~2.2% of the
total area of Saleh Bay. These two areas were designated as MPAs because they are the
hotspots for coral reef ecosystem in Saleh Bay. The simulation results suggest that the
current MPAs may not contribute to reducing fishing pressure on biomass. This may be
because each of the NTAs of the two MPAs in Saleh Bay only has an area between 0.29 km?
and 10.1 km? [36,37]; this is smaller than the home range of P. leopardus which can reach up
to 28.2 km? [8,38,39]. Furthermore, the majority of grouper fishing activities in Saleh Bay
are carried out outside the MPA [40]. Thus, the existing MPAs will likely have a very small
impact on sustaining stock.

4.2. Selection of Management Procedures

The MP selection criteria resulted in 18 MPs that achieved limit and target reference
points (LRP, TRP) for biomass and yield well. However, further analysis based on the
trade-off plots showed that only two default MPs, both based on the depletion-based
biomass stock reduction analyses (DBSRA and DBSRA4010), performed well in maintain-
ing the biomass above the TRP, while producing a reasonably high yield, i.e., yield at
MSY. Trade-offs associated with fisheries management have been a component of pro-
viding management advice since the development of quantitative approaches in fisheries
science [41,42]. In the context of single-species fisheries, trade-offs are often quantified for
various purposes, for example, trade-offs between (i) maintaining high long-term yield
and the risk of the stock dropping below some biomass thresholds, (ii) variability of catch
and average catch associated with the selection of harvest control rules, or (iii) rate of
stock rebuilding and maintaining yield during the rebuilding period [42]. In the current
study, the LRP for long-term yield (LTY) was set as >0.5 MSY as an additional MP selection
criterion. In general, although most of the selected MPs for P. leopardus showed a good
performance in maintaining biomass above the LRPs, only a few had a reasonably high
probability of reaching LTY > 0.5 MSY.

The trade-off plot analysis suggests that only DBSRA and DBSRA4010 may be selected
as management recommendations as they had the highest probabilities of achieving the
biomass and yield targets. Nevertheless, the size limit and seasonal closure MPs may
also be considered as management recommendations as they have a high probability
of maintaining biomass above the limit reference point (LRP) and a high probability
of maintaining a high yield. In certain fishery conditions (e.g., low stock biomass or
spawning potential ratio), the fishery manager may consider implementing MPs with a
high probability of keeping the stock biomass above its limit reference point and placing
less weight on achieving the yield target, as an initial stage of fishery management.

The DBSRA methods assume long-term historical catch data from the beginning of the
fishery are available [43,44], together with estimates of four key parameters: (1) the current
depletion level, (2) the natural mortality rate (M), (3) the ratio of Fyssy to natural mortality
(Fmsy/M), and (4) the biomass at MSY relative to the unfished biomass (Bysy/Bg) [19].
The four key parameters used in this study were derived from a previous study on the
P. leopardus stock in Saleh Bay [26] that relies on very short historical catch data (2016-2017),
which may result in high uncertainty in the parameter estimation. The current study also
used relatively short historical catch data, i.e., 20092021 for total catch and 2016-2021
for catch-at-length composition. In addition, the 2009-2021 historical total catch data
were derived from the provincial fisheries statistics, and the 20162021 catch-at-length
composition was derived from the fish landing monitoring program. The limited catch data
and differences in sources for the historical catch data will also produce uncertainty in the
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simulation results. Although the available data are limited and may have high uncertainty,
these data are the only available data for describing the historical condition of P. leopardus
stocks and fishery in the study area.

Stock depletion (D) in this study is defined as the ratio between current and unfished
biomass [19]. However, stock depletion is very difficult to estimate, especially in data-
limited fisheries [45]. Historical catch data in Saleh Bay are available from 2009 to 2015
(fisheries statistics data) and 2016 to 2021 (FLM program data). Given no adequate long-
term historical catch data (e.g., 30 years or more) are available for Saleh Bay, estimating the
stock depletion using the available catch data (13 years) is problematic. Prior estimation of
stock depletion using MERA'’s stock determination mode produces an estimated depletion
value of 0.52 (spawning stock biomass; SSB = 0.52 B). This estimation result was not chosen
based on two considerations: (1) the estimation is based on relatively short historical catch
data, and (2) this value is too optimistic when referring to Amorim et al. [1], where SSB > 40%
is a non-fully exploited stock, which is contradictory to the results of the previous studies
in Saleh Bay [14,16].

Based on the above consideration, the current stock depletion value provided to
MERA for model conditioning was estimated based on the current SPR (spawning potential
ratio) value of P. leopardus in Saleh Bay, using the equilibrium MSY and SPR (spawning
potential ratio) relationship [34] and the general equilibrium model for the biomass—MSY
relationship (e.g., [35]). Based on the D value set by the user in MERA, for example, DBSRA
generally estimates TAC based on the estimated value of Fy;sy multiplied by the current
estimate of abundance (By x D). The DBSRA models have been used by the Pacific Fishery
Management Council to set and evaluate the Overfishing Limit (OFL) and Acceptable
Biological Catch (ABC) for data-limited mackerel (Scombridae), butterfish (Stromateidae),
snapper (Lutjanidae), porgy (Sparidae), sole (Pleuronectidae), and a wide range of rockfish
(Sebastidae) species [19,43,46].

In practice, it is difficult to accurately estimate the exact value of the total allowable
catch for P. leopardus based on the DBSRA methods. The TAC calculation for the DBSRA
models relies on the assumed fishing mortality at MSY (Fyssy) and the estimation of the
current stock biomass (virgin biomass multiplied by the estimated depletion rate). In
addition, the current annual catch data are considered under-reported (it is estimated that
only ~50% of the actual annual catch is recorded in the regular catch monitoring; where
catch monitoring is only conducted at maximum 15 days per month), giving an even more
challenging TAC estimation.

The custom MPs based on reducing catch proportionally, extended seasonal closures,
and size limits were developed and tested to explore alternative MPs to those based on TAC.
The closed-loop simulation results for the custom MPs suggest that reducing annual catch
to 10 to 40% will maintain the biomass but with a relatively low probability of achieving LTY.
On the other hand, reducing fishing effort through a seasonal fishing closure of 3 to 4 months
suggests a better trade-off between LTY and stock biomass. In addition, setting a catch size
limit at 40 cm for P. leopardus also showed a good yield—-biomass trade-off. However, the
feasibility of implementing a 3 to 4 month fishing closure and setting a minimum catch
size of 40 cm, 8 cm above the current size limit, is not likely to gain the approval from
stakeholders needed to be implemented effectively. Nevertheless, reducing the fishing
effort through a seasonal closure consistently showed the best yield-biomass trade-off.
These findings are consistent with a study by Williams and Shertzer [47], where controlling
fishing mortality is likely more effective than gear selectivity in sustaining harvest and
maximizing yield for species with low natural mortality, such as the P. leopardus. In addition,
the current agreed size limit is about 7 cm below the estimated Lsj of 38.8 cm (nearly 20%
smaller than Ls); thus, exploring possible accepted larger size limit is worthwhile.

The “cost of uncertainty” calculation helps to understand which areas of current
knowledge of the fisheries system need further investigation and the level of uncertainty
that might occur when management advice is implemented [24]. For example, fishing
effort variation, hyperstability, and estimation of von Bertalanffy’s k and length-at-maturity
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are among the highest sources of uncertainty for the majority of the tested MPs; hence,
these are the areas in the fishery system that need further study in Saleh Bay. The length-at-
maturity is particularly important to help set accepted size limits that are likely to have
considerable effects on the spawning stock and may be used to rebuild the spawning
potential ratio [6]. Understanding the source of uncertainties also helps fisheries managers
be aware of uncertainties (% of variability) in expected management outcomes (i.e., yield)
when a particular management procedure is implemented.

4.3. Identification of Recommended Management Procedures

MSE simulations favor TAC-based management for the P. leopardus fishery in Saleh
Bay over size limits and seasonal closures in reaching the target biomass reference point
(TRP). However, the actual TAC number should be carefully defined based on the current
annual catch, prior to implementation. This requires a better estimate of the current annual
catch for setting an accurate TAC since the current estimate might not reflect the actual
annual catch.

Learning from the application of MSE using data-limited methods (DLMs) for some
key fisheries (e.g., barred sand bass, southern California halibut, southern red sea urchin,
and warty sea cucumber in California [22]), this approach helped the authority and stake-
holders evaluate and identify a range of acceptable management procedures specific for
each fishery (e.g., effort control for barred sand bass, and output control for the southern
California halibut) with a high probability of performing well over a range of stock and
fishery system uncertainties. The MSE approach also helped identify the need for additional
information to improve data collection and research programs, for example, the estimation
of natural mortality rate of the warty sea cucumber [22]. The MERA application provides a
generic DLM tool that is accessible online for wide use of MSE, with the potential for pro-
gression to tailored and more inclusion of data-rich methods. Furthermore, when needed,
the MSE approach can also be used with customized DLM methods for specific fisheries.
Carruthers [21] showed good examples of creating customized DLM methods specifically
to meet the applicability to some Canadian data-limited fisheries (arrowtooth flounder,
canary rockfish, and rougheye rockfish). There were 55 custom DLM tools developed for
these fisheries that cover a wide range of functions, e.g., stock assessment, stochastic model
for historical data reconstruction, and graphing tool to summarize simulation result [21].

Fisheries managers and stakeholders in Saleh Bay should understand the limitations
of MERA, including the risk (cost of uncertainties) and behavior of each management pro-
cedure (MP). For example, the knowledge on species’ maximum age (longevity) contributes
the highest uncertainty to the estimation of long-term yield (LTY) for the depletion-based
stock reduction analysis (DBSRA) MPs, while knowledge about catch selectivity con-
tributes the highest uncertainty to the size limit MPs. Furthermore, the effectiveness of
implementing size limit MPs varies among species with different reproductive strategies
and lengths-at-maturity, but MERA implements the same treatment in the simulation re-
gardless of the species’ reproductive strategies [48]. Plectropomus leopardus is a protogynous
hermaphrodite and a large, fecund species, and the size limit is probably more effective
in protecting males and gives juveniles a greater chance of reaching reproductive age [49]
compared to other species. In addition, a significant challenge in stock assessment (i.e.,
using MSY as a performance indicator) is the reliance on a single metric to describe fish
population dynamics and their life histories. Furthermore, stock assessment methods are
often built on simplified assumptions that fail to capture the inherent ecosystem variability,
which creates uncertainties. When considering the distribution tails of population charac-
teristics, the effects of these simplifications become clear, where the selection of distribution
tails of population characteristics can significantly impact the robustness of the models
used in the simulation. Thus, such limitations in MERA’s operating model should also
be acknowledged.

There have been many efforts to manage small-scale and data-limited fisheries, in-
cluding through catch size limits, spawning seasonal closures, mesh size regulation, and
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marine protected area designation (e.g., [6,8]). Since 2018, the West Nusa Tenggara (WNT)
government has also implemented grouper and snapper fisheries regulations for Saleh
Bay in the form of size limits, fishing gear specifications, and marine protected area (MPA)
management through Governor Regulation No. 32/2018 [15]. The effectiveness of limiting
catch (TAC) and fishing effort (TAE) management approaches for snapper and grouper
in Saleh Bay has not been specifically evaluated. The application of TAC and TAE is not
currently considered feasible due to a lack of supporting regulations and management
tools for implementing these measures and ensuring compliance with them.

Applying the TAC approach (e.g., by a quota system) requires developing additional
supporting systems, such as a catch reporting mechanism for fishers and fish collectors. In
addition, it is very important to have the best estimate of the real annual catch of the species,
to ensure an accurate TAC setting. Thus, for the initial step, applying a TAC in Saleh Bay
can only be initiated when: (i) the actual annual catch can be estimated accurately, and
(i) strong data collection and catch reporting mechanisms are in place. However, ensuring
the fishers and fish collectors fully comply with the TAC (i.e., to halt fishing activities when
the TAC is reached) is a very challenging task given the dynamic and complexity of the
fisheries. Potential mechanisms for making TAC measures feasible in this region include:
(i) designing and implementing a surveillance and enforcement mechanism to ensure TAC
compliance and/or (ii) implementing an inclusive management policy by ensuring the full
participation of fishers and fisheries businesses (particularly processors) in monitoring,
evaluation, and management decision making.

Reducing fishing effort through seasonal closures is also challenging and is unlikely to
be accepted by stakeholders, especially if the closure is implemented over a relatively long
period of time (e.g., 24 months). Another challenge in reducing fishing effort in small-scale
fisheries is the limited alternative livelihood options for fishers [8]. However, more targeted
seasonal closures can be implemented in relation to the spawning season for specific
species. For example, implementing spatial and temporal fishing restrictions at spawning
aggregation sites during the spawning season will significantly reduce pressure on grouper
populations [50,51]. In addition, banning sales of vulnerable grouper species during
the closed season may also be an option to amplify the effectiveness of fishing pressure
reduction [3]. However, implementing seasonal closures will likely cause fishers to change
their target species, which may shift pressure to other fish populations. This phenomenon
was reported by Chavarro et al. [52], where a four-month closure of grouper spawning
aggregation sites during the spawning season in Palau led to potentially overfishing on
bluespine unicornfish (Naso unicornis) by the spear fishery. Therefore, the feasibility of
implementing seasonal closures needs to be carefully studied and evaluated.

Since 2021, the government of Indonesia has been implementing a new fishery policy
called “perikanan terukur” (measurable fisheries), which includes implementing a catch
quota system. This policy provides both an opportunity and a challenge for how the
government can provide regulations and develop a system that allows the implementation
of a quota system for industrial-scale and small-scale fisheries. Ensuring compliance with
the quota system in small-scale fishery is undoubtedly more challenging than for large-
scale/industrial fisheries because of (1) the dynamic characteristics of the SSFE, (2) SSF do
not have a vessel licensing system, (3) the majority of catches from SSF are not landed at
official fishing ports, and (4) the logbook system to record catch and effort has not been
applied to SSF in Indonesia (see also [53-55]).

An earlier study conducted on the stock status of P. leopardus in Saleh Bay [5] revealed
that the spawning potential ratio (SPR) for this species is notably low, falling below the ref-
erence point threshold (SPR < 0.2). However, a recent assessment of fisheries management
in Saleh Bay has indicated an improvement in the stock status, with SPR values exceeding
0.2 [16,33]. This improvement can plausibly be attributed to the enforcement of fishing
regulations enacted in 2018. Nevertheless, this study implies that the size limit regulation
and the existing no-take areas within the marine protected area (MPA) in Saleh Bay may not
be effectively accomplishing the targeted biomass reference points. The relatively low com-
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pliance with the size-limit regulation (also consistent with Effendi et al. [14]), and the very
small proportion of MPA’s no-take area compared to the total fishing ground areas in Saleh
Bay [40], is likely to contribute to the poor performances of these MPs. There are several
approaches that can be taken to improve fishers’ compliance with regulations, including
(1) strengthening the control to fishing effort and unsustainable fishing practices (e.g., [8]),
(2) enforcing rules through stricter sanctions (e.g., [53]), (3) improving fishers” understand-
ing by involving them in catch monitoring activities (e.g., [6,56]), and (4) strengthening the
participation of fishing communities in fisheries planning and management (e.g., [57]).

Numerous studies have shown that marine protected areas are effective in protecting
highly fecund fish, such as P. leopardus, in maintaining their reproductive outputs [58],
reducing fishing pressure [59], and protecting important habitats for different stages in the
life cycle such as nursery, feeding, and spawning grounds [60]. A study by Williamson
et al. [61] found that P. leopardus juveniles could spread as far as 250 km from their natal
area. This indicates that the role of MPA is very important to protect the reproductive cycle
of this species. If managed effectively, MPAs will provide spill-over effects, increasing fish
biomass in surrounding waters [61,62]. Conversely, MPA management solely is unlikely
to be effective in sustaining fisheries stock [62]; hence, a combination with market-based
management approaches and property rights systems is recommended as a complement to
conventional fisheries management through limiting catch and effort [8,63].

The MPA’s no-take areas in Saleh Bay were established based on considerations of
coral reef health and reef fish abundance and biomass [36,37], and were not specifically
designed to maintain specific fisheries stocks. Furthermore, limiting fishing efforts through
increasing the size of spatial closures (MPA) in Saleh Bay is unlikely to improve in the near
future, since the existing marine spatial plan of West Nusa Tenggara (Provincial Regulation
No. 12 of 2017) does not allocate areas for establishing new MPAs in Saleh Bay, in addition
to the existing two MPAs. Nevertheless, the expansion of no-take areas within the existing
MPAs may also be recommended and implemented in the future during the regular five-
year MPA zoning plan evaluation. In addition, the effectiveness of surveillance and law
enforcement to ensure compliance with the existing MPA no-take areas in Saleh Bay remains
uncertain (see [40]); this is the area where the management authority should prioritize
their management efforts. Thus, appropriate zoning design combined with enduring
enforcement and compliance will generate effective MPAs to achieve conservation and
fisheries management goals [64].

Although the size limit and spatial closure MPs have poor performances in achieving
the desired biomass target, these MPs show good performances in maintaining biomass
above the limit reference point. In addition, these MPs also show a very good performance
in maintaining a stable long-term yield equal to today’s yield. Given that the TAC man-
agement procedures are still difficult to implement, implementing size limits and spatial
closures through MPA management remains the best option in the current management
capacity and fisheries condition in Saleh Bay. However, it is still important for the West
Nusa Tenggara government to continue to improve the implementation of the existing
fisheries management plan in Saleh Bay while simultaneously developing the necessary
supporting management instruments (i.e., policy, regulations, and mechanisms) toward
implementing TAC and effort control measures if the rebuilding stock policy for P. leopardus
is implemented. Overall, the results from this study are not the final advice to management,
as they need to be discussed with a wide range of stakeholders before being translated into
management policy.

The application of the MERA tool to evaluate management procedures in this study
is built on knowledge of stock conditions based on historical catches and biological char-
acteristics of the species studied. However, from an ecosystem dynamics point of view,
stock abundance will also be influenced by habitat changes (e.g., nursery capacity) caused
by dynamic interactions between biotic and environmental components (e.g., [65]), which
is outside the scope of this study. Further study to understand the interactions between

104



Fishes 2023, 8, 498

References

stocks and the habitat and environmental changes will be critical to reducing uncertainty
in future stock estimates and improving adaptive fisheries management in Saleh Bay.

5. Conclusions

This study has demonstrated how the Method Evaluation and Risk Assessment plat-
form can be used to evaluate currently implemented management procedures and how
likely they are to achieve desired management objectives. Although the simulation results
showed that, if implemented and rigorously enforced, the current management procedures
(minimum catch size and spatial closure) in Saleh Bay are capable of keeping the stock
biomass of P. leopardus above the limit reference point, the management authority needs to
explore at least three options in order to achieve the management objective of increasing the
biomass of this species to B/Bysy > 1. These are (1) reducing the current fishing pressure
through the implementation of TAC and seasonal closure, (2) improving the management
effectiveness (monitoring and enforcement) of the currently implemented management
procedures, and (3) improving management plans of existing MPAs to support fisheries
management objectives.
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Abstract: The rapid spread of non-native species (NNS) poses a significant threat to biodiversity
globally, with the Mediterranean region being particularly susceptible due to increased human ac-
tivities and its status as a marine biodiversity hotspot. In this study, we focus on the introduction
and distribution of Fistularia petimba, a member of the Fistulariidae family, in the eastern Mediter-
ranean Sea and a record from the coasts of Amorgos Island, Greece. Through a baseline fishery
study conducted over 12 months, utilizing experimental sampling with gillnets, trammel nets, and
longlines, one individual of F. petimba was captured off the coast of Katapola Bay. Morphological
examination confirmed its identity, with measurements on meristic characteristics obtained and
the stomach content analysed. This finding represents a significant addition to the documented
distribution of F. petimba in the Mediterranean Sea, particularly in the Aegean Sea, underscoring the
importance of ongoing research in uncovering new occurrences and expanding our understanding of
marine biodiversity and ecosystem changes. Further investigation into the ecological preferences
and population dynamics of F. petimba in the Aegean Sea is crucial for informed conservation and
management efforts if this species is considered to be established.

Keywords: Fistularia petimba; red cornetfish; Mediterranean Sea; invasive species; non-native species;
Lessepsian species; marine biodiversity; species distribution

Key Contribution: This study provides a review of a recent non-native species geographical distri-
bution. This study provides insights on the crucial establishment phase for the species and signifies
areas for further investigation to reveal life trait characteristics and succession rate.

1. Introduction

One of the main threats that biodiversity currently faces is the rapid spread of non-
native species (NNS). NNS are defined as an array of species spreading outside their
natural or native distribution range [1]. Different areas worldwide have been experiencing
vast impacts from the introduction of NNS, often related to increased human activities,
such as the opening of canals, the continuous growth of the shipping industry across
biogeographic barriers [2,3], a wide range of changes in water temperature due to climate
change [4-6], fishing pressure [7-9], and habitat degradation or loss of species [10-12].
In the studied area of the Mediterranean Sea, recognized as one of the main hotspots of
marine biodiversity [13,14], the effects of NNS are apparent, both in terms of introduction
rate [15] and number of introduced species [16], leading to the global acknowledgment of
the Mediterranean region as a hotspot area for NNS [17].

A region where visible changes in aquatic biodiversity have occurred is the east-
ern Mediterranean Sea, where a rapid introduction of fish species of Indo-Pacific origin
are observed, i.e., the Levantine Sea [18-21], significantly raising the overall amount of
fish biomass up to 90% in specific habitats [22,23]. These habitats include hard bottoms
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for Siganus luridus and Siganus rivulatus, and sandy bottoms and seagrass meadows for
the Lagocephalus sceleratus [22]. Though Indo-Pacific fish species could potentially arrive
through various ways in the Levantine Basin, they most likely arrive through immigration
via the Suez Canal, which opened to shorten the commercial shipping ways between the
Indian Ocean and the Mediterranean Sea in 1869 [24]. It is assumed that species that
normally resided in the Red Sea and the Indian Ocean traversed through the Suez Canal
and proceeded northwards along the Levant coast, actively or passively aided by human
activity [25]. These species were named Lessepsian after the name of the constructor of the
canal, engineer, and diplomat Ferdinand de Lesseps [26].

The aforementioned group of Lessepsian species established in the Mediterranean Sea
currently includes Fistularia commersonii [27] and Fistularia petimba, also called cornetfishes
or flutemouths, which belong to the Fistulariidae (order of Syngnathiformes). There is
only one genus in this family, Fistularia, and four different species: Fistularia commersonii
Ruppell, 1838; Fistularia corneta Gilbert and Starks, 1904; Fistularia petimba Lacepede, 1803;
and Fistularia tabacaria Linnaeus, 1758 [28]. The species F. tabacaria inhabits the tropical
Atlantic, while its closest relative F. commersonii inhabits the Pacific and Indian Oceans.
Fistularia petimba spans the tropical Atlantic and Indo-West Pacific Oceans, whereas F.
corneta is confined to the tropical eastern Pacific [29]. Fistularidae species are predators,
inhabiting shallow waters of tropical and subtropical areas [29]. Although F. commersonii
originated from the Indo-Pacific region [30], a wide geographical distribution has been
observed in the eastern Mediterranean Sea [31], with multiple sightings of this Lessepsian
immigrant. Due to its rapid growth and reproduction cycle, it has successfully formed large
populations in the areas where it has been established, with notable ecological impacts
on the native species [32]. Fistularia commersonii is a piscivorous species, mainly feeding
on smaller fish and complementing its diet with some Crustacea species. As the size of
the species increases, a corresponding increase in the size of prey consumed has been
found [32].

The studied red cornetfish, F. petimba, is native to the Indo-West Pacific, the tropical
Atlantic [30], and the East Atlantic Ocean [33]. With a time lag of 20 years since its first
siting in the western Mediterranean Sea (1996), it has been reported in several locations in
the eastern Mediterranean Sea over the last ten years [34,35]. In this study, we show the
immigration path of F. petimba in the eastern Mediterranean Sea through a stepping stone
process of establishment through the Suez Canal [36,37].

2. Materials and Methods
2.1. Sampling Methodology

A monthly experimental fishery sampling was performed in Amorgos Island, Central
Aegean Sea, between September 2022 and August 2023 (Figure 1).

The sampling method used involved three types of gears: gillnets (GNSs), trammel
nets (GTRs), and long lines (LLSs). The gears used were designed to study the population
dynamics of targeted fisheries species.

For GNSs and GTRs, nine different mesh sizes (20, 22, 24, 26, 28, 30, 32, 36, 45 in mm)
were used, and for LLS six different hook sizes (9, 10, 11, 12, 13, 14) were used to reflect the
most commonly used mesh and hook sizes in small-scale fisheries of the Aegean Sea.

The nets used in this study had a total length of 900 m, consisting of 100-m panels
for each of the nine mesh sizes. The height of each compartment was 100 meshes. The
arrangement of mesh sizes for both GNSs and GTRs were randomly selected and are
illustrated in Figures 2 and 3. For longlines, each compartment had a length of 200 m and
was equipped with 200 hooks (100 hooks per hook size). One compartment comprised of
hook sizes 9 and 10, and two more compartments comprised of combinations of hook sizes
11-12 and 13-14, respectively.
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Figure 1. Map of the Amorgos Island, Central Aegean Sea, Greece. The red line marks the sampling
area around Amorgos Island.
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Figure 2. GNS mesh size arrangement in this study.
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Figure 3. GTR mesh size arrangement in this study.

All species samples were stored in a freezer (—20 °C) until transportation and were
deposited to the Laboratory of Applied Hydrobiology of the Agricultural University of
Athens, Greece, for further examination.

2.2. Identification of the Species

Fistularia petimba was identified based on its morphological characteristics [29], follow-
ing the genus description given by Fritzsche (1976): Fistularia species can be identified by
their elongated body.

Fistularia petimba was distinguished from its confamilial species by its specific mor-
phological features [29]: number of rays on the dorsal fin (13-17) and the anal fin (13-16),
elongated bony plates embedded in the skin along the midline of the back, with posterior
lateral line ossifications terminating in a retrorse spine (Figure 4).
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(a) (b)

Figure 4. Fistularia petimba individual from Amorgos Island and its identification characteristics:
(a) reddish colour and (b) elongated bony plates embedded in the skin.

The morphometric characteristics shown in Table 1 were measured to the nearest
second decimal in mm.

Table 1. Morphometric characteristics and measurements of Fistularia petimba from Amorgos Island,

Greece.
Morphometrics Measurement (mm)
Total Length without filament (TL) 395.00
Total Length with filament (TLf) 530.00
Filament Length (fL) 124.23
Standard Length (SL) 378.00
Fork Length (FL) 383.00
Body Deth (BD) 7.98
Head Length (HL) 142.00
Eye Diameter (ED) 10.97
Snout Length (SN) 114.00
Dorsal Fin Length (DFL) 15.41
Dorsal Fin Height (DFH) 28.89
Pectoral Fin Length (PFL) 6.66
Pelvic Fin Height (PFH) 16.81
Dorsal Fin Length (PvFL) 2.54
Pelvic Fin Height (PvFH) 6.83
Caudal Fin Length (CFL) 19.01
Caudal Fin Height (CFH) 5.10
Anal Fin Length (AFL) 15.16
Anal Fin Height (AFH) 27.37
Pre-dorsal Fin Length (pDFL) 67.00
Pre-pectoral Fin Length (pPFL) 319.00
Pre-pelvic Fin Length (pPvFL) 190.00
Pre-anal Fin Length (pAFL) 310.00

2.3. Distibution of F. petimba in the Mediterranean Sea

To compile a map with records of F. petimba in the Mediterranean Sea, a literature
review (until February 2024) was performed using Google Scholar. This review used two
main keywords, namely “Fistularia petimba” and “Red cornetfish”, together with additional
keywords to assure that F. petimba records were not missed: “Mediterranean Sea”, “Invasive
species”, “NNS”, “ecology”, “habitat”, and “lessepsian”.

To visualize the species’ geographical distribution in the Mediterranean Sea, a map
illustrating the occurrences of F. petimba was generated using ArcGIS [38] and by integrating
data from this study and published records from scientific journals.

3. Results

An individual of F. petimba (Figure 4) was captured using trammel nets (GTRs) with
a mesh size of 26 mm, deployed between 24.5 m and 30.6 m depth on the 27th of May
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2023 at 7:50 p.m. and hauled on the 28th of May 2023 at 6:40 a.m. (soak time 11 h
and 50 min) off the coast of Katapola Bay, Amorgos Island, Greece (lon = “25.85879922”
lat = “36.82760281"). The specimen had a total length of 395.00 mm and a total wet weight
of 34 g. The measurements for each of the morphometric characteristics of the species are
presented in Table 1.

4. Discussion

The increases in global trade and travel have also increased the chances for species to
migrate, immigrate, or establish in areas beyond their native ranges, i.e., through widening
and deepening canals or ballast water transport [39,40]. Immigration is most commonly
associated with human intervention, such as the opening of canals. The Suez Canal, since
its completion in the late 19th century, has served as a major conduit for the immigration
of marine organisms between the Red Sea (and Indian Ocean) and the Mediterranean
Sea. This artificial connection has facilitated the establishment of numerous NNS in the
Mediterranean Basin, reshaping the region’s biodiversity and ecological dynamics [41,42].
When an area is invaded, it becomes a source for the subsequent spread of the organism to
other locations in the basin [41]. Marinas in the Mediterranean Sea have been identified as
significant areas for the establishment of NNS, not only for initial introductions, but also
for subsequent secondary invasions, acting as stepping stones in the spread of NNS [40,43].

In the marine environment, NNS can become invasive, resulting in the displacement of
native species, thus leading to a range of negative consequences. These effects encompass
the loss of native genetic diversity, alterations to habitats, shifts in community composition,
changes to food web dynamics and ecosystem functions, disruptions to the provision of
ecosystem services, threats to human health, and significant economic damages [44].

The capture of Fistularia petimba in Amorgos Island (Central Aegean Sea) represents a
significant addition to the existing knowledge of the species’ distribution in the Mediter-
ranean region. Prior to this finding, 31 sightings were reported from the Mediterranean
Sea, out of which only 1 was in the Aegean Sea, specifically in Samos Island (Figure 5,
Table 2). The first record in Cadiz, Spain, appears to be an incidental catch from the Atlantic
Ocean, while the subsequent occurrences, mainly in the eastern Mediterranean Sea, reveal
a progressive invasion pattern from the Indo-Pacific region and the Red Sea into novel
habitats. The review of its current distribution reveals its dispersal path along the coasts of
Syria, Egypt, and Turkey. The species’ course is validated with further records from Cyprus
and its possible establishment within the Aegean Sea. Due to the lack of available data on
the potential impact of F. petimba on native species in the Mediterranean Sea, insights can
be drawn from its closely related species, Fistularia commersonii. Fistularia commersonii is
mainly piscivorous but also feeds on crustaceans [32]. It has a high reproductive rate and a
prolonged spawning season extending from May to August, allowing for rapid population
growth [45]. More than 70% of Fistularia commersonii’s diet includes economically valuable
species. Its predation on small fish near the seabed, where they hatch and grow, disrupts
ecosystem balance and reduces fish biomass [32]. This species quickly establishes itself in
new environments, leading to significant ecological and economic consequences, including
damage to fisheries (although gradually introduced to consumers) [32,45]. Given the simi-
larities between F. petimba and F. commersonii, it is likely that F. petimba could have similar
effects on the Mediterranean ecosystem. Effective monitoring and management strategies
are crucial to mitigate these potential impacts. Each documented occurrence represents a
critical point in the species’ biogeographic spread throughout the eastern Mediterranean
Sea. This review of chronological records offers valuable insights into the stepping stone
spread of F. petimba establishment in the Mediterranean Sea. Tracking its cross-border path
from the Red Sea to the eastern Mediterranean Sea with subsequent records in the Aegean
Sea provides valuable insights into the species’ establishment phase. As reproduction is
a crucial part of the successful establishment of species in new areas, Papageorgiou et al.
2023 [46] estimated that the mean total length for gonad maturity was 440 mm for females
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and 410 mm for males. The results of Papageorgiou et al. 2023 [46] are in accordance with
our results, wherein no visible gonads could be identified macroscopically.

Table 2. Data of the 32 validated records of Fistularia petimba in the Mediterranean Sea.

No Location Latitude Longitude Date (Capture) Depth (m) Gear Type Sample Size
1 Cadiz, Spain [34] 36.455097 —4.703372 23 June 1996 50 Gillnet 1
2 Antalya Bay, Turkey [35]  36.793556 31.209167 28 October 2016 35-43 Bottom trawl 1
3 Ashdod, Israel [27] 31.813950 34.459717 12 November 2016 80 Bottom trawl 1
4 Antalya Bay, Turkey [35]  36.737417 31.434361 26 November 2016 30 Bottom trawl 1
5  Iskenderun, Turkey [35] 36.654400 36.186183 21 May 2017 35-38 Bottom trawl 2
6 Tripoli, Lebanon [47] 34.410000 35.770000 15 November 2017 N/A Gillnet 1
7 Mersin Bay, Turkey [37]  36.128833 33.520667 22 November 2017 95 Bottom trawl 1
8  Antalya Bay, Turkey [37]  36.061867 32.534233 9 January 2018 70 Bottom trawl 2
9 (Me]f;ﬂieyc)e;‘ufﬁj;t[gl g 613139 33467944 5 October 2018 150 Bottom trawl 2
10 Egypt [28] El-Hamam—Sidi Kirayr. 9 March 2019 40-60 Bottom trawl 1
11 Lattakia, Syria [48] 35.518325 35.713492 29 July 2019 45 Gillnet 1
12 Lattakia, Syria [49] 35.243086 35.920000 24 September 2019 30 Gillnet 1
13 Gialia, Cyprus [50] 35.110000 32.490000 26 September 2019 55 Gillnet 1
14 Banyas, Syria [49] 35.518325 35.713492 29 September 2019 45 Gillnet 2
15  Gokova Bay, Turkey [51]  36.857889 27.896556 19 October 2019 15-20 Longline 1
16  Guilliik Bay, Turkey [51]  36.857883 27.896561 17 November 2019 65 Bottom trawl 4
17 Cyprus [46] 34.747367 33.463400 14 July 2020 55 Bottom trawl 3
18 Cyprus [46] 34.964500 34.964500 15 July 2020 48 Bottom trawl 1
19 Cyprus [46] 34.759617 33.480650 16 July 2020 33 Bottom trawl 1

20 Cyprus [46] 34.924100 33.908050 24 July 2020 79 Bottom trawl 11

21 Cyprus [46] 35.081733 32.458700 24 July 2020 43 Bottom trawl 29

22 Cyprus [46] 34.635717 32.638517 27 March 2021 46 Bottom trawl 10

23 Cyprus [46] 34.661300 32.468650 27 March 2021 93 Bottom trawl 4

24 Ba“dlrma[ 4B;]‘y’ Turkey 40416950 28.084000 11 June 2021 32 Trammel net 1

25 Cyprus [46] 34.693983 33.135567 4 August 2021 44 Bottom trawl 26

26 Samos, Greece [47] 37.706583 26.708783 7 November 2021 20 Trammel net 1

27 Cyprus [46] 35.060833 34.054383 8 August 2021 86 Bottom trawl 4

28 Cyprus [46] 34.750917 33.480933 8 August 2021 55 Bottom trawl 7

29 Cyprus [46] 34.750917 33.480933 8 August 2021 33 Bottom trawl 2

30 Cyprus [46] 34.692267 33.166750 8 August 2021 56 Bottom trawl 1

31 Cyprus [46] 34.699333 33.311817 13 September 2021 13 Trammel net 1

32 Amorgos, Greece 36.82760281 2585879922 28 May 2023 245-306  Trammel net 1

(current study)
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Figure 5. Records of Fistularia petimba in the Mediterranean Sea (Table 2) [38].

5. Conclusions

The occurrence of F. petimba in Amorgos Island suggests a wider presence within
the Aegean Sea than previously recognized. This finding underscores the importance
of ongoing fishery research and marine monitoring in uncovering new occurrences and
expanding our understanding of marine biodiversity in the region. Further investigations
into the ecological preferences, population dynamics, life traits, and potential impacts
of Fistularia petimba in the Aegean Sea and the Mediterranean Basin are important to
understand succession rates and ecological impacts, to enhance conservation efforts, and to
inform sustainable management practices.
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Abstract: Egyptian Red Sea fisheries face the same challenges as most of the world’s fisheries,
including overexploitation, habitat loss, IUU fishing, pollution, and climate change. These fisheries
are highly diverse with multiple species targeted by multiple fleets, using different fishing gears.
Much work has been performed in recent years to assess Red Sea fish stocks. However, not all fish
stocks in the Egyptian Red Sea are assessed, and those that are assessed only cover 30% of landings.
The assessments are unbalanced by area, with the Gulf of Suez being much better covered than
the southern Red Sea and Gulf of Agaba. The results show that most of the analyzed stocks are
overexploited. There is an urgent need to take action to protect, conserve, and restore the different
fish stocks in different fishing grounds. These actions will ensure the sustainability of the fisheries,
making them ecologically friendly and economically and socially efficient.

Keywords: exploitation level; fisheries management; fish species; population parameters; Red Sea
Key Contribution: Population dynamics parameters are valuable for understanding fish populations

and assessing stock health, enabling the development of sustainable management measures for
commercially exploited species.

1. Introduction

The Red Sea, a tropical sea with a rich history and unique marine ecosystem, is
home to a wide variety of fish, many of which are of great commercial importance [1-3].
However, the unsustainable exploitation and illegal, unreported, and unregulated fishing
(IUU) of these species threatens the health of the ecosystem and the long-term viability
of the fishery [1,2,4]. Despite a growing demand for fishing resources due to population
increase and a hard economic situation, sustainable management remains a major challenge
for Egypt [5-7]. Understanding the biology of these species is essential to ensure the
sustainability of fishing and the conservation of the marine ecosystem.

The Red Sea (Figure 1) is an elongated narrow sea between Northeastern Africa and
the Arabian Peninsula, between 30° N and 12°30’ N and from 32° E to 43° E, with a straight-
line length of about 2000 km and an average width of 208 km [5]. The Red Sea is connected
to the Indian Ocean in the south through the narrow strait of Bab al Mandab. It has an
average depth of 491 m, with a maximum depth of 2850 m. In the north, the Red Sea is
divided into the Gulfs of Suez and Aqaba. The Red Sea is characterized by a few unique
oceanographic and biological structures and is considered a hotspot for coral reef ecology.
It also boasts high fish diversity, with more than 1400 species of fish reported in FishBase
(www.fishbase.org, accessed on 1 April 2024).
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Figure 1. Egyptian Red Sea with the different fishing ports.

Three main fishing methods are deployed in Red Sea fisheries: bottom trawl, purse
seine, and artisanal ones. Bottom trawls constitute about 20% of Egyptian Red Sea fisheries,
forming about 54% of the gross revenue due to the high price of some demersals caught by
it, such as shrimp and cephalopods. Purse seine constitutes about 68%, and the artisanal
fishery contributes the remaining 12% of the Red Sea catch in Egypt [1].

This study aims to provide up-to-date scientific information on the biological param-
eters of more than 50 commercial fish species from the Red Sea, including data on catch,
areas fished, as well as basic data on the biology and dynamics of these species, thereby
contributing to sustainable fisheries management and the conservation of marine biodiver-
sity in this unique region. In the absence of information in this regard, this contribution is
the first attempt to compile population dynamics parameters and the exploitation status
of 55 fish species in the Egyptian Red Sea. This information will provide a solid basis for
assessing the current status of fish stocks and establishing reasonable catch limits.

2. Material and Methods

The Egyptian sector of the Red Sea (Figure 1) is about 1080 km long, extending from
Suez City in the north to Mersa Halayeb in the south. Numerous fishing grounds are found
along the Egyptian Red Sea, yielding an average annual catch of about 48 thousand tons [8].
The Egyptian Red Sea is divided into three main fishing grounds: the Gulf of Suez, the
proper Red Sea (from Hurghada to Halayeb, including Foul Bay), and the Gulf of Aqgaba.
Several landing sites are located along the Egyptian Red Sea, including Ataka, El-Tor,
Nuweiba, Hurghada, Safaga, Quseir, Berenice, Shalateen, and Abu Ramad. Additionally,
Egypt has signed treaties with its neighbors to allow fishing in their territories (Figure 2).
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Figure 2. Contribution (%) of the main fishing grounds to the Red Sea’s total catch.

The most common fishing gears used in the Red Sea by Egyptian fishermen are
bottom trawls and purse seines (industrial fishery), hand lines, long lines, and gillnets
(artisanal fishing), along with a variety of gears used by some of the traditional coastal
communities. The industrial fishing fleets operate primarily in the Gulf of Suez and its
neighboring areas, as well as Foul Bay. Semi-industrial fleets concentrate near Ataka,
Salakhana, Hurghada, and El-Tor. Small-scale fisheries are common in Safaga, Quseir,
Shalateen, and Abu Ramad [1].

This study relies on fishery statistics from the General Authority for Fish Resources
Development (GAFRD) annual statistical book of 2021. Bimonthly field trips lasting at
least seven days each have been carried out routinely since 1999 by the Fish Population
Dynamics Lab, National Institute of Oceanography and Fisheries (NIOFs), to cover all
fishing grounds along the Egyptian Red Sea. During these field trips, fish samples were
collected directly from commercial fishing boats, and interviews were conducted with
fishermen working in the area. This study analyzes data collected over the past ten years
(2014-2024) in the Egyptian Red Sea with its two gulfs (Figure 1). This study focused
on landings at the following locations: Ataka and El-Tor in the Gulf of Suez; Hurghada,
Berenice, Shalateen, and Abu Ramad in the proper Red Sea; and Nuweiba and Dahab
in the Gulf of Aqaba. In addition, the population parameters were compiled from two
sources: previously published works and new estimations by the authors of this study for
specific species.

Estimates of the asymptotic length (Loo) and the growth rate (K) were obtained using
the ELEFAN program (Electronic Length Frequency Analysis) within TropfishR [9] for R
statistical program version 3.6.3 [10].

Analysis of the cumulative catch curve [11] and of the length-converted catch curve [12]
was used to estimate the total mortality coefficient (Z).

Natural mortality (M) per age was estimated using an online tool (barefootecolo-
gist.com) with three empirical formulae. Fishing mortality (F) was then determined as
Z—-M.

The exploitation status (E) was calculated as E = F/Z, where F is the fishing mortality
rate.

The exploitation rate (E) is crucial for evaluating a fish stock’s status as optimal,
underexploited, or overexploited. According to Gulland (1971), a stock is considered
optimally fished when fishing mortality (F) equals natural mortality (M). In simpler terms,
an exploitation rate (E) of 0.5 indicates optimal fishing pressure.
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3. Results and Discussion
3.1. Landings and Catch Composition

Official annual landings of the Egyptian Red Sea fluctuated between 43.6 and 51.5 thou-
sand tons from 2012 to 2021, averaging around 48 thousand tons. Red Sea fisheries account
for about 11.5% of Egypt’s total landed catch from natural resources, generating an esti-
mated revenue of EGP 6.35 billion. Figures 2 and 3 illustrate the contribution of different
fishing grounds to the Red Sea’s total catch. Table 1 presents catch data from the GAFRD’s
2021 statistical book. It is worth mentioning that the data recording system in Egypt is
inaccurate. Many commercial species are not recorded separately but mixed in an “others”
group. Also, there is no recorded data about bycatch and discards in the Egyptian marine
fisheries. Therefore, urgent improvements are needed for the current recording system, as
well as capacity-building programs to raise the qualifications of recorders at the different
landing sites.

(A) Gulf of Suez

B Ataka

m ElTor

» Salakhana

B Ghareb

(B) Proper Red Sea

B Hurghada

B Berenice

u Safaga

B Quseir

B AbuRamad

u Shalateen

Figure 3. Contribution (%) of the main fishing ports to the Red Sea’s total catch.

The field trips revealed a high diversity and abundance of fish species, especially in
the Gulf of Aqaba, which the current catch statistics may not fully capture. Additionally,
catch data are often recorded for groups of species rather than individual species.

The trawl fishery primarily catches fish from groups such as Synodontidae (lizardfish),
Lutjanidae (snapper), Penaeidae (large shrimp), Mullidae (red mullet), Nemipteridae
(breams), and Siganidae (rabbitfish). It is worth noting that large shrimp and cuttlefish
are the most commercially valuable species in the trawl fishery, commanding high prices
between EGP 300 and 500 per kilogram and representing about 45% of the trawl fishery’s
gross revenue.
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Table 1. Available catch data based on GAFRD statistical book 2021 [8].

. . Total Catch o By Area (ton)

Family/Species (ton) " of the Catch Gulf of Suez  Gulf of Aqaba  Proper Red Sea
Lethrinidae 2652 5.86
Lethrinus nebulosus 1914 205 14 1695
L. borbonicus 401 184 - 217
L. luntjan - - - -
L. mahsena 260 15 12 233
L. variegatus 77 77 - -
L. microdon - - - —
L. miniata - - — -
Monotaxis grandoculis -- - - —
Serranidae 3579 791
Mix 2379 144 12 2223
Epinephelus summana - - - -
E. tauvina 31 7 6 18
E. chlorostigma - - - -
E. areolatus 87 87 - .
Cephalopholis argus - - - -
C. oligostikta - - - -
C. miniata - - - -
Plectropomus maculatus 844 - - 844
Variola louti 236 - 6 230
Plectropomus areolatus 2 2 - -
Lutjanidae 777 1.72
Lutjanus bohar 728 - 1 - 727
L. ehrenbergii 3 - 3 - -
L. quinquelineatus - - - - -
L. kasmira - - - - -
Aphareus rutilans 46 - -- - 46
Haemulidae 383 0.85 - - -
Pomadasys argenteus 34 -- - - 34
P. stridens 315 - 211 - 104
Plectorhinchus shotaf 34 - - - 34
Synodontidae 2177 4.81 1417 - 760
Saurida undosquamis
S. tumbil
Mullidae 628 1.39 228 - 400
Mulloidichthys vanicolensis - - - - -
M. flavolineatus - - - - -
Upeneus vittatus - - - - —
U. sulphureus - - - - -
U. moluccensis - - - - —
U. pori -- - - - -
Parupeneus forsskali 17 - 2 - 15
P. macronema -- - - - -
P. cyclostomus - - - - -
Holocentridae 78 0.17 15 - 63
Sargocentron rubrum
S. spiniferum
Neoniphon sammara
Carangidae 10,930 24.16
Mix 8545 4984 - 3561
Trachurus indicus --
Decapterus macrosoma -
D. maruadsi --
Alepes djedaba --
Carangoides bajad 2385 5 - 2380
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Table 1. Cont.

. . Total Catch By Area (ton)
Family/Species % of the Catch
yeP (ton) o the ate Gulf of Suez  Gulf of Aqaba  Proper Red Sea
Nemipteridae 1321 2.92 373 - 948
Nemipterus japonicas
N. zysron
N. randalli
Sparidae 334 0.73
Rhabdosargus haffara --
Acanthopagrus bifasciatus --
Argyrops spinifer 310 90 2 218
Diplodus nokt 24 24 - -
Gerridae 132 0.29 20 3 109
Gerres oyena
Scaridae 980 2.17 165 9 806
Hipposcarus harid
Chlorurs sordidus
Siganidae 377 0.83
Siganus rivulatus 377 164 - 213
Scombridae 3009 6.65
Scomber japonicas 73 73 - -
Rastrelliger kanagurta 2369 150 -- 2219
Euthynnus affinis 567 66 -- 501
Clupeidae 10,641 23.52
Sardinella aurita 8297 44 - 8253
Etrumeus teres 1120 1120 - -
Small sardine * 1224 1224 - -
Engraulidae 4000 8.84 4000 -
Penaeidae 266 0.59 159 - 107
P. semisulcatus --
P. japonicas -
Sepiidae 111 0.45 102 - 9
Sepia pharaoni -
S. prashadi --
S. dollfusi --
Portunidae 188 0.41 156 32
Portunus pelagicus
Loliginidae 507 1.12
Loligo spp. 140 -- 367

* Small sardine composed of small-sized sardines such as Dussumieria acuta, Amblygaster sirm, Amblygaster
clupeoides, Ilisha melastoma, and Herklosichthys punctatus (personal observation). -- indicates an absence of data in
the national recording system.

While the dominant fish families in the artisanal catch include groupers (Serranidae),
emperors (Lethrinidae), and longspine bream (Sparidae), other Scombridae (little tuna and
Spanish mackerel) are also present. More than 100 fish species from up to 20 families, like
needlefish, squirrelfish, goatfish, and rabbitfish, were grouped together in the “others”
category without any sorting or identification [1,13,14]. This “others” group constitutes
about 46.5 percent of the total artisanal landings, highlighting the lack of accuracy and
detail in the current fishery statistics collection and recording system.

Unlike the Gulf of Suez, where industrial fisheries dominate, artisanal fishing is the
primary activity in the proper Red Sea and Gulf of Aqaba. It supplies approximately 40%
of the total fish production from the proper Red Sea and constitutes the total of the Gulf of
Aqaba’s catch [8,13-19].
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3.2. Population Parameters and Exploitation Level

As shown in Table 2, the population parameters and status of 55 fish, crustacean,

and mollusk species from the Egyptian Red Sea are presented. Despite the fact that
both of Mehanna’s (2001) [20,21] studies might be outdated, they are included in Table 2
to capture all the available data. Mehanna’s (2001) [20] study is the only one that has
assessed Rhabdosargus haffara in the Gulf of Suez, although Osman et al. (2020) [22] more
recently evaluated the same species in the Red Sea off the Hurghada fishing area. Similarly,
Mehanna’s (2001) [21] study remains the sole one on Rastrelliger kanagurta in the Gulf of
Suez. Based on Gulland’s (1971) interpretation of the exploitation level, only five fish
species are maintained at below slightly optimum exploitation levels: Lethrinus borbonicus,
L. variegatus, and Euthynnus affinis from the Gulf of Aqaba and Monotaxis grandoculis and
Parupeneus forsskali from Hurghada in the proper Red Sea. The remaining species, 50 out of

the 55 assessed commercial species (90.9%), were found to be overexploited.

Table 2. Growth parameters and mortality estimates of fish species from Red Sea, Egypt.

Parameters
Species Area Author
Loo K F M E
Lethrinus nebulosus Gulf of Suez Present study 71.4 0.24 0.55 0.29 0.65
Hurghada Present study 73.6 0.22 0.61 0.29 0.68
L. borbonicus Gulf of Suez Present study 325 0.42 0.81 0.45 0.64
Aqaba Gulf Mehanna, 2023 [17] 35.8 0.48 0.70 0.72 0.49 opt
Shalateen Mehanna, 2011 [16] 34.57 0.53 1.65 0.62 0.73
L. luntjan Red Sea Zaahkouk et al., 2017 [23] 56.95 0.28 1.17 0.35 0.77
L. mahsena Gulf of Suez Present study 61.8 0.29 1.05 0.33 0.76
L. variegatus Aqaba Gulf Mehanna et al., 2024 [23] 25.79 0.51 0.80 1.01 0.44 opt
Hurghada Present study 26.11 0.50 1.11 0.67 0.62
L. microdon Red Sea Mehanna et al., 2017 [24] 67.46 0.25 0.74 0.30 0.71
Monotaxis grandoculis Hurghada ElMahdy et al., 2022 [25] 53.87 0.23 0.46 0.52 0.47 opt
Epinephelus summana Hurghada Mehanna et al., 2022 [26] 63.39 0.13 0.49 0.33 0.60
E. areolatus Shalateen Mehanna, 2005 [27] 48.79 0.31 0.55 0.13 0.81
E. tauvina Hurghada Present study 106.3 0.11 0.79 0.22 0.78
Cephalopholis argus Hurghada Mehanna et al., 2019 [26] 44.22 0.26 0.74 0.56 0.57
C. miniata Quseir Mohammad, 2007 [28] 39.99 0.23 1.26 0.58 0.68
Variola louti Quseir Mohammad, 2007 [28] 62.57 0.14 0.63 0.37 0.63
L. ehrenbergii Hurghada Mehanna et al., 2017 [29] 324 047 1.48 0.69 0.68
L. quinquelineatus Hurghada Mehanna et al., 2017 [29] 35.5 0.35 1.38 0.61 0.69
L. kasmira Shalateen Baker&Mehanna, 2024 [30] 33.76 0.35 0.99 0.59 0.62
P. stridens Gulf of Suez Mehanna et al., 2023 [31] 21.7 0.40 1.76 0.74 0.70
Saurida undosquamis Baraneis Mehanna, 2022 [32] 48.66 0.33 1.28 0.45 0.74
S. tumbil Baraneis Mehanna, 2022 [32] 35.30 043 1.19 0.46 0.72
Mulloidichthys vanicolensis ~ Hurghada Farrag et al., 2018 [33] 33.30 0.37 0.79 0.64 0.56
M. flavolineatus Hurghada Farrag et al., 2018 [33] 38.0 0.27 1.01 0.48 0.68
Upeneus moluccensis Gulf of Suez Present study 22.99 0.38 1.06 0.48 0.69
u. pori Gulf of Suez Present study 20.85 0.40 0.85 0.44 0.66
Parupeneus forsskali Hurghada Farrag et al., 2018 [33] 31.62 0.32 0.54 0.55 0.49 opt
Sargocentron spiniferum Shalateen Mohammad et al., 2020 [19] 53.25 0.23 0.57 0.47 0.55
Neoniphon sammara Hurghada ElMahdy et al., 2023 [34] 26.49 0.28 0.82 0.57 0.59
Trachurus indicus Gulf of Suez Present study 24.81 0.51 0.91 0.36 0.72
Decapterus macrosoma Gulf of Suez Present study 25.11 0.56 0.90 0.32 0.74
D. maruadsi Gulf of Suez Present study 26.21 0.51 1.06 0.56 0.65
Carangoides bajad Shalateen Mohammad et al., 2022 [35] 57.69 0.24 1.52 0.34 0.82
Caranx melampygus Shalateen Mohammad et al., 2022 [35] 70.11 0.17 1.75 0.28 0.86
Alepes djedaba Hurghada Present study 41.12 0.41 121 0.46 0.72
Nemipterus japonicas Gulf of Suez Present study 34.15 0.33 1.18 0.56 0.68
N. zysron Aqaba Gulf Present study 29.31 0.51 0.90 0.62 0.59
N. randalli Hurghada Present study 28.11 0.54 1.38 0.66 0.68
Rhabdosargus haffara Gulf of Suez Mehanna, 2001 [20] 26.79 0.47 0.90 0.30 0.76
Hurghada Osman et al., 2020 [22] 30.47 0.36 1.32 0.66 0.67
Acanthopagrus bifasciatus Hurghada ElMahdy et al., 2019 [36] 65.62 0.21 1.53 0.46 0.77
Gerres oyena Gulf of Suez Present study 26.11 0.38 0.81 0.44 0.65
Hipposcarus harid Hurghada Osman, 2015 [37] 57.16 0.23 1.75 0.50 0.78
Chlorurs sordidus Hurghada Osman, 2015 [37] 40.27 0.28 0.82 0.60 0.58
Siganus rivulatus Gulf of Suez Present study 25.31 0.44 1.72 0.67 0.72
Shalateen Present study 36.44 0.36 1.02 0.37 0.73
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Table 2. Cont.

Parameters
Species Area Author

Loo K F M E
Scomber japonicas Gulf of Suez Mehanna, 2002 [38] 33.06 0.48 1.82 0.64 0.74
Rastrelliger kanagurta Gulf of Suez Mehanna, 2001 [21] 32.15 0.57 0.82 0.26 0.76
Euthynnus affinis Aqaba Gulf Mehanna, 2024 [18] 83.64 047 0.65 0.77 0.46 opt
Sardinella aurita Gulf of Suez Present study 23.33 0.48 1.05 0.27 0.79
S. gibbosa Gulf of Suez Present study 33.15 0.47 0.89 0.57 0.60
Etrumeus teres Red Sea Mehanna and Elgammal (2005) [39]  26.97 0.59 1.46 0.87 0.63
Engraulis japonicas Gulf of Suez Present study 15.45 0.61 0.71 0.34 0.68
E. encrasicolus Gulf of Suez Present study 12.61 0.55 1.49 1.02 0.59
Penaeus semisulcatus Gulf of Suez Mehanna, 2000 [40] 26.61 1.69 5.45 2.33 0.70
P. japonicas Gulf of Suez Present study 243 1.71 4.73 245 0.66
Sepia pharaoni Gulf of Suez Mehanna et al., 2009 [15] 2348 ML  0.59 2.11 0.77 0.73
S. savignyi Gulf of Suez Mehanna and Elgammal (2010) [41] 3129 ML  0.54 0.89 0.57 0.60
S. dollfusi Gulf of Suez Mehanna and Amin (2005) [42] 16.9 ML 0.91 2.50 1.07 0.70
Portunus pelagicus Gulf of Suez Present study 1096 CL  1.44 6.56 211 0.76

ML: Mantle Length, CL: Carapace Length.

4. Conclusions

Our analysis of the Egyptian Red Sea’s most commercially important fish species
reveals a high fishing mortality, which indicates a high exploitation level. Therefore, a
reduction in exploitation rate and consequently the fishing mortality by about 20 to 70% is
suggested to reach the optimum level (Eqpt), which would help ensure the sustainability
of the fish stocks. This can be achieved through enforcement of the closed fishing season
and enforcement of the minimum legal size to conserve the spawning stock. The basic
biological information generated from this study will be valuable for further population
studies and stock assessment. These findings, in turn, can be applied to develop sustainable
management measures for these commercially exploited fish species.
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Abstract: Lake Victoria, which is shared by Kenya, Tanzania, and Uganda, faces escalating concerns
over sustainable fisheries amidst expanding fishing efforts. This study aims to investigate how
technical efficiency (TE) and labor productivity (LP) of the Nile perch fishing fleet vary across the
three riparian countries. Using a nine-year dataset spanning from 2005 to 2021 and employing
Stochastic Frontier Analysis, this study evaluates the TE of the fleet, where LP is determined as catch
per crew hour fished in a day for three vessel types: motorized, paddled, and sailed. Motorized
fleets had the highest mean technical efficiency (0.60-0.66), compared to paddled (0.29-0.49), and
sailed vessel categories (0.24-0.46). Sailed vessels declined in all countries owing to their low TE.
In Kenya, TE and LP increased for paddled vessels, especially in the period from 2015 to 2021,
and a slight increase was also indicated for motorized vessels. Conversely, Uganda and Tanzania
experienced gradual declines in TE and LP, particularly from 2015 to 2021, a period of rigorous law
enforcement that led to declines in the number of paddled vessels by 50% and 7%, respectively, and
a contrasting increase in motorized vessels. By 2021, the number of Ugandan motorized vessels
had increased greatly but TE had declined compared to Kenya and Tanzania, a sign of overcapacity.
The findings underscore the need for region-specific policies that address economic differences,
policy implementation impacts, and resource health to promote sustainable transboundary fisheries
management on Lake Victoria.

Keywords: fisheries management; fisheries technical efficiency; labor productivity; catch assessment;
over capacity

Key Contribution: This study presents a novel cross-border comparison of technical efficiency and
labor productivity in Lake Victoria’s fishing fleet. Differences in vessel performance and labor output
are shaped by factors such as economic growth, technology use, and regulations, with motorization
emerging as a key driver of improved fleet efficiency.

1. Introduction

Fisheries on Lake Victoria, Africa’s largest freshwater lake, are an important socio-
economic activity. The fisheries contribute significantly to regional food security and
provide employment and livelihoods for the large lakeside populations [1]. The fisheries
sector is of major economic importance and integral to the economies of the three riparian
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countries, contributing approximately 0.8%, 1.7%, and 3% of the Gross Domestic Product
(GDP) in Kenya, Tanzania, and Uganda, respectively [2]. Lake Victoria’s fisheries operate
under limited restrictions on access. The three countries of Kenya (6%), Tanzania (51%),
and Uganda (43%), which share the transboundary lake, have imposed regulations on
fishing gear, registrations, and type of vessels to regulate fisheries efforts, but allow entry
to the fishery after payment of a nominal access fee [3]. Fisheries management efforts suffer
from access to reliable data and are plagued by data scarcity in both spatial and temporal
dimensions, as well as irregular data collection practices. It is therefore important to seek
ways in which the existing although limited data can be used [4].

The evolution of landed fish catches in Lake Victoria reflects notable shifts toward
the focus on the Nile perch in the 1990s, which remains the most valued species and
the primary fish export for the past three decades [5,6]. The significance of the Nile
perch fishery is further underscored by the distribution of fishing effort, with up to 58%
of the 210,620 fishers targeting the species, along with a comparable proportion of the
70,995 fishing crafts [7,8].

On the lake, fishery-related technological changes introduced by the early colonial
governments replaced the inefficient and ancient traditional fishing methods. Modern
fishing equipment, including synthetic gill nets and trawls, were used to increase catches
per input, and outboard engines were introduced to expand access to fishing grounds [5,9].
The commercial importance of capture fisheries grew alongside increased markets and
infrastructure development, leading to increased fishing efforts. This evolution has led to a
shift in efficiency.

Technological advancements have led to reduced costs and transformed fishing fleets’
performance in Lake Victoria. Three main types of vessel propulsion are used on the lake:
motorized vessels with outboard engines, paddled vessels, and sail-powered vessels. The
introduction of outboard engines in the 1950s led to sizeable changes in efficiency [9,10].
However, investment capacity is limited, and a small section of sailed vessels remains. The
final vessel type, paddled vessels, is generally smaller than the other two, and its activities
are limited to areas close to the shoreline [11].

While comparative studies on fleet performance have been conducted for some of the
African lakes [12,13], no comparative study has been undertaken to assess the technical
efficiency of the fishing fleets across the three riparian countries sharing Lake Victoria. Pre-
vious studies on technical efficiency have been conducted in individual countries, including
research by [14] in Uganda and studies by [15,16] in Tanzania using cross-sectional data. In
contrast, this study extends its analysis to nine years of panel data collected over 17 years
(2005-2008; 2010-2011; 2014-2015; 2021). The utilization of panel data provides a unique
opportunity to capture the dynamic and heterogeneous nature of fleet production units
over time, considering factors such as country-specific technology adoption and economic
and policy changes that may influence fleet technical efficiency. In addition to evaluating
technical efficiency, the study also provides estimates of labor productivity (LP) for each
vessel type across the three countries. LP, defined as the output (fish catches) per fisher
over a specific period, is important in understanding the development of the fishery, given
that Lake Victoria’s fishery remains labor-intensive [17-19].

This study’s objective is to assess the technical efficiency (TE) and labor productivity
(LP) of the fishing fleet on Lake Victoria, comparing performance across Kenya, Tanzania,
and Uganda, while identifying the key factors influencing these metrics.

The guiding research objectives are:

e To evaluate the status and historical development of the fishing fleet on Lake Victoria
across the three riparian countries.

e To analyze the TE and LP scores of the fishing fleet across Kenya, Tanzania, and
Uganda.

e  Assess the impact of fleet development, regulatory frameworks, and fish stock health
on TE and LP scores, and their influence on sustainability in Lake Victoria fisheries.
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2. Materials and Methods
2.1. Measuring Technical Efficiency

Measurement of productive efficiency is commonly applied to fisheries to evaluate
outcomes, policies, and development [20-24]. The Stochastic Frontier Approach (SFA) is
used to estimate the technical efficiency of the Nile perch fleet. It models the relationship
between outputs, such as fish catch, and inputs, such as fuel and labor, using a flexible
functional form that represents underlying technology. The model is well-suited for single-
species fisheries with multiple inputs and a single output, such as the Nile perch catches
evaluated in this study [20,21], is flexible in dealing with complexity, and is versatile with
respect to analyzing external factors of inefficiency [20,25,26]. The general approach is
discussed in [27,28]. The model contains a composite error term, a random deviation, and an
inefficiency term. The inefficiency term can contain a model of explanatory variables linking
independent variables to the level of inefficiency [29]. Figure 1 shows a representation of
the model terms.

Output Inputs Error terms

Labor
Nile perch Gear _I_ Normal

equivalents Fuel (where
applicable)

Country

specific
inefficiency

Figure 1. Representation of the empirical model used in the analysis, with output, inputs, and a
composite error term.

2.2. Data Sources and Treatment

Two main datasets were used, a frame survey (FS) and catch assessment (CAS), with
both obtained from the Lake Victoria Fisheries Organisation (LVFO) database. Frame
survey data are generated from a complete census of all fishery variables, including the
vessels, gears, and landing site facilities along the lake [7]. The data collected biennially on
Lake Victoria was available for the period from 2000 to 2020 and was specifically used to
answer this study’s first objective, namely, to evaluate the status and historical development
of the fishing fleet on Lake Victoria, including trends from 2000 to 2021 across the three
riparian countries.

The second dataset and main dataset used to estimate TE and LP comprised the
CAS data. It consists of nine-year vessel-level catch data (series of catch assessment
surveys conducted with support from the Implementation of Fisheries Management Plan
(IFMP) project during 2005-2008; and Lake Victoria Environmental Management Program
(LVEMP1) 2011 and 2014 and 2015 by LVEMP2.) (2005-2008; 2010-2011; 2014-2015; 2021),
collected over 17 years. The LVFO periodic survey data usually follows a two-stage
sampling procedure where 10% of the landing sites in each country are identified as
strata in the first stage and then vessels are randomly sampled at the landing sites in the
second stage [30,31]. To address the missing variable of fuel use for motorized vessels, a
supplemental survey was conducted: in Uganda between June and August 2017, and in
Kenya and Tanzania from April to September 2020. Data were collected following the CAS
data collection form, including vessel fuel use in liters as a variable. Fuel is a crucial input,
especially for motorized vessels, as it is used to power engines and enable vessels to access
their desired fishing grounds. The data obtained from the survey was used to predict fuel
use for nine of the years in the period between 2005 and 2021. Details of the model are
provided in Supplementary Materials.

The panel data, which consists of repeated observations of the same subjects over
time [32], was organized as a series of independent cross-section surveys conducted be-
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tween 2005 and 2021. Observations were grouped based on vessel propulsion as paddled,
motorized, or sailed using gillnets and longlines and harvesting Nile perch. Initially, the
CAS datasets were assessed independently to understand their structure, variables, coding,
and measurements across different years. To ensure consistency throughout the nine years
of sampling, data variables were renamed and re-coded wherever necessary, specifically to
consolidate changes made in the standard operating procedures used for data collection in
2021 [30,31].

2.3. Variable Selection

Inputs included in the model were the number of units of gear, fuel (liters per fishing
trip, where applicable), and labor (crew hours per trip), with the catch as the output variable.
A single output measure (Nile perch quantity) was used for consistency [33,34]. In cases
where bycatch such as Nile tilapia was present in the catch, the output was standardized to
a Nile perch equivalent by dividing the catch value by the price of Nile perch.

2.4. Labor Productivity Computation

Labor productivity was calculated as the ratio of total fish catches (standardized to
Nile perch equivalents) to the total labor input (measured as a product of the number of
fishing crew in a vessel and hours fished in a day—24 h) for each vessel type [17]. The
analysis was conducted separately for each country to identify differences in LP across the
riparian states.

2.5. Data Summary Statistics

Table 1 provides a comprehensive overview of essential statistics for the output
and input variables examined in this study. Sampled motorized vessels were highest
in Uganda (50.8%), paddled vessels in Tanzania (52.1%), and sailed vessels dominated
(45.9%) in Kenya.

Table 1. Summary statistics for the SFA model variables for the different vessel groups.

Motorized (N = 30,052)

Vessels

Paddled (N = 26,147) Sailed (N = 19,192) Total (N = 75,391)

Country
Kenya 2375 (7.9%) 1321 (5.1%) 8809 (45.9%) 12,505 (16.6%)
Tanzania 12,417 (41.3%) 13,631 (52.1%) 8252 (43.0%) 34,300 (45.5%)
Uganda 15,260 (50.8%) 11,195 (42.8%) 2131 (11.1%) 28,586 (37.9%)
Vessels by gear type
GN 25,122 (83.6%) 14,026 (53.6%) 7659 (39.9%) 46,807 (62.1%)
LL 4930 (16.4%) 12,121 (46.4%) 11,533 (60.1%) 28,584 (37.9%)
Gear units
Gillnets 61.373(20.058) 35.719 (24.877) 47.603(23.559) 51.433 (24.932)
Long lines 951.140 (740.370) 580.912 (559.374) 791.651 (452.081) 729.800(573.630)
Catch
Mean (SD) 32.286 (37.101) 23.426 (25.704) 24.484 (29.592) 27.227 (31.904)
Range 0.000-705.000 0.000-470.000 0.000-1000.000 0.000-1000.000
Labor
Mean (SD) 27.333 (14.231) 28.740 (15.609) 42.439 (20.462) 31.667 (17.658)
Range 2.000-299.000 1.000-282.000 2.000-168.000 1.000-299.000
Fuel
Mean (SD) 20.429 (6.370) 20.429 (6.370)
Range 1.000-125.000 1.000-125.000
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Count of vessels

2.6. Technical Efficiency Empirical Model

The production frontier model for the three vessel groups was specified as the translog
production. The SFA model and prediction of technical efficiencies for the fishing fleet
were then performed using R version 4.2.2 with packages plm applied to organize a panel
structure of the data and frontier to run the SFA model [35-38].

3. Results
3.1. The Status and Trend of Vessel Types on Lake Victoria

Motorized vessels exhibited a consistent increase in numbers, with the highest count
of these recorded in 2020 in all three countries: around 17,000 in Uganda, 12,000 in Tanzania,
and 5000 in Kenya (Figure 2). In contrast, paddle vessel usage in Uganda and Tanzania
displayed parallel fluctuations from 2000 to 2016, followed by a decline of 53% and 7%,
respectively, in 2020. Conversely, Kenya experienced a distinct trajectory, with a 19%
decrease from its 2006 peak of 8324 vessels to 6749 in 2020. Sailed vessels steadily declined
in use across all three countries during the same period.

Motorised Paddled Sailed
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10,000—

5,000 —
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- Tanzania
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Figure 2. Status of vessel development by propulsion on Lake Victoria [7].

3.2. Technical Efficiency Estimation

Motorized fleets had the highest mean technical efficiency (0.60-0.66) compared to the
paddled (0.29-0.49) and sailed vessel categories (0.24-0.46). Table 2 presents the estimates
from the Translog stochastic production frontier analysis. The first-order parameters of
vessel inputs (gear units, labor, and fuel for motorized vessels) and technical efficiency
parameters (gamma and sigma squared) were all positive and significant across all vessel
groups. These parameters represent output elasticities, with labor showing slightly higher
elasticity than gear units and fuel. The gamma values were significant for all vessel groups
(85% for motorized, 75% for paddled, and 70% for sailed vessels). The significant sigma
squared o values further confirm the model’s fit and the correctness of the composite error
term’s distributional assumption.
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Table 2. Maximum likelihood estimates for the parameters of the stochastic frontier production
function (SFPF).

SFA P Motorized Paddled Sailed
arameter Estimate  Standard Error  Estimate  Standard Error  Estimate Standard Error
Intercept Bo 0.217 0.022 (***) 0.685 0.032 (**+*) 0.967 0.043 (***)
InUnits B1 0.158 0.005 (***) 0.169 0.0058 (***) 0.102 0.009 (***)
Ifuel B2 0.089 0.030 (**)
ILabor B3 0.317 0.017 (*+*) 0.294 0.014 (*+*) 0.216 0.017 (*+*)
1(0.5 * InUnits"2) B 0.071 0.007 (***) 0.042 0.004 (***) 0.007 0.008
1(0.5 * Ifuel2) B ~0.036 0.044
1(0.5 * ILabor"2) B 0.338 0.038 (***) ~0.089 0.026 (**) ~0.096 0.033 (**)
I(InUnits * Ifuel) [ ~0.034 0.020
I(InUnits * [Labor) B 0.086 0.012 (***) 0.038 0.007 (**+*) ~0.010 0.009
I(Ifuel * ILabor) B3 0.054 0.049
Country-specific inefficiency effect
Z_(Intercept) 20 ~4218 1.353 (*%) 1.401 0.080 () 1.679 0.051 ()
Z_CountryTanzania z ~0.626 0.175 (**) 1292 0.082 () ~1.114 0.038 (***)
Z_CountryUganda z 0.813 0.218 (***) ~0.966 0.067 (***) ~0.585 0.038 (***)
Variance variables
sigmaSq o? 3.391 0.656 (***) 1.561 0.072 (***) 1.128 0.026 (***)
gamma ¥ 0.853 0.027 (***) 0.748 0.008 (***) 0.696 0.016 (***)
Significance denoted: 0 ***’; 0.001 **’; 0.01 **".

The technical inefficiency model revealed significant zp values across all vessel groups,
indicating country-specific inefficiencies. The signs of the z; and z; variables determined
whether a vessel group was inefficient (positive sign) or efficient (negative sign). For
instance, in Uganda, an increase in the number of motorized vessels was associated with
increased inefficiency, while in Tanzania, more motorized vessels were likely to increase
technical efficiency with respect to the Kenyan motorized vessels. For other vessel groups,
negative z-variable signs indicated a reduction in inefficiency as vessel numbers increased.
3.3. Technical Efficiency Distribution and Change

Technical efficiency score indicates that vessels are fully efficient at score 1 and ineffi-
cient tending to 0. From the TE estimation, vessels across all groups were inefficient as the
maximum efficiency values were less than 0.90 (Table 3). Across countries, the estimated
mean TE values for all vessel groups were highest in Tanzania, while Uganda had the
lowest estimated mean TE for motorized vessels. The lowest mean TE values for paddled
and sailed vessels were recorded in Kenya.

Table 3. Mean TE values per country and vessel propulsion.
Country Kenya Tanzania Uganda
Statistic Mean Max Min N Mean Max Min N Mean Max Min N
Paddled 0.290 0.800 0.037 1463 0.490 0.880 0.036 13,719 0.440 0.870 0.045 11,877
Sails 0.240 0.830 0.030 9087 0.460 0.890 0.020 8283 0.350 0.830 0.040 2259
Motorized  0.640 0.89 0.06 2372 0.660 0.890 0.050 12,406 0.600 0.870 0.040 15,260

The TE distribution shows that at least 63% of motorized vessels operated with
efficiency levels above 0.6. A similar proportion of paddled vessels operated from >0.41,
while sailed vessels of the same proportion operated at <0.40, indicating that the latter were
utilizing less than half of their capacity to maximize catches (Figure 3).

133



Fishes 2024, 9, 414

Paddled Motorised Sailed

o

%11

10,000—

2,500

Frequency

TE_score interval

Figure 3. Distribution of TE scores for the three vessel groups, with scores categorized into groups.

Exploring the variations in technical efficiency (TE) throughout the study period
(Figure 4) shows that both Uganda and Tanzania witnessed a noticeable reduction in
technical efficiency (TE) across all vessel groups. The null hypothesis that there is no
country-specific technical inefficiency was tested for each fleet segment. The hypothesis was
always rejected, indicating that country-specific inefficiency differences exist for all vessel
types. The most significant and consistent decline was observed in Ugandan motorized
vessels, where the capacity to maximize catches for their given input and technology
dropped by 22%, decreasing from 0.65 TE in 2005 to 0.50 in 2021. In Kenya, TE showed
variations among different vessel types. Paddled vessels demonstrated an improvement in
TE, increasing from 0.24 in 2011 to 0.38 in 2021, marking a substantial 50% enhancement in
efficiency for this vessel category. Motorized vessels, on the other hand, exhibited a modest
2% increase in TE, while TE for sailed vessels declined by 12% between 2015 and 2021.

3.4. Labor Productivity

Labor productivity, defined as catch per hour fished, serves as a measure of fishers
productivity. From 2005 to 2015, all vessel groups experienced minor fluctuations in
labor productivity. However, a significant increase in labor productivity was observed
for motorized and paddled vessels in Kenya from 2015 to 2021 (Figure 5). In contrast, the
same categories of vessels in Uganda and Tanzania showed minimal changes, with a slight
downward trend from 2015 to 2020. Sailed vessels maintained a consistent level of labor
productivity across all countries throughout the entire study period.

’

134



Fishes 2024, 9, 414

TE score

Figure 4. Technical efficiency (TE) estimates across vessel groups and countries over the study period.
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4. Discussion
4.1. Vessel Group Fleet Changes and Technical Efficiency (TE)

The results show that efficiency and productivity vary between vessel groups, coun-
tries, and over time. This sheds light on the effects of technological development, policies,
and natural and social conditions on economic outcomes in the fishing industry.

The finding that motorized fleets had the highest mean technical efficiency compared
to the paddled and sailed vessel categories aligns with the research conducted by Kateregga
and Sterner [14] in Lake Malawi [22], who highlighted the significance of vessel motoriza-
tion in enhancing fish productivity. Similar effects have been observed by Branch et al. [39]
regarding the motorized Fanti vessels in Liberia compared to their unmotorized counter-
parts [40]. The natural progression within the fishing industry is that fishers strive for
more efficient operations, and this is evidenced by the general increase in the number of
motorized vessels for all of Lake Victoria’s riparian countries.

Motorized and paddled vessels form the two most important vessel types in the
fishery. While the significant decline in paddled vessels in Uganda and Tanzania from 2016
to 2020 can be attributed to rigorous enforcement efforts to eradicate illegal fishing gear,
the consistent decrease in these vessels in Kenya warrants further investigation to uncover
the underlying factors.

On the other hand, sailed vessels have been declining in number. The low TE values
in Kenya (<0.30) may explain the decline in sailed and paddle vessels. Motorized vessels
across the three countries, with a TE of >0.60, could boost catches by 40% on average
with current technology, while sailed vessels, the least efficient, have on average over 60%
capacity for improvement. The motorized and paddled vessel groups were earlier described
as commercial and artisanal, respectively, on Lake Victoria in Uganda [41,42]. Therefore,
the shift to commercial fisheries indicates a within-sector improvement toward productivity
growth [43-45], as fishers shift to motorized fishing vessels, the most technically efficient
vessel type.

4.2. Comparative Analysis of Technical Efficiency and Labor Productivity across Countries and
Vessel Groups

Country-specific comparisons show a difference in fleet development in Kenya versus
Uganda and Tanzania. A shift towards more commercial vessel operations was observed
across all countries, which is indicative of a boost in vessel productivity over time. In
Tanzania and Uganda, the pattern for artisanal (paddled) vessels was similar, showing
fluctuations for the first 15 years and a sharp decline between 2016 and 2020 due to fisheries
enforcement. In contrast, Kenya has seen a consistent decrease in the use of paddled
vessels since 2008, even though efficiency has been improving for this segment, a unique
development for the fishery. This difference might be due to several factors, such as
differences in fisheries management, economic development, and the different alternative
values of labor in the three countries [39]. The three counties have had different fisheries
policies in effect during the period. However, the most stringent policies have been found
in Uganda and Tanzania, where technical efficiency and labor productivity have declined
between 2015 and 2020. At the same time, improvements in technical efficiency and labor
productivity were observed in Kenya. It is therefore difficult to attribute the development
to fisheries management. Other forces could be at play. For example, countries where the
population is large relative to capital and natural resources, the most productive sectors
of the economy, are likely to have negligible to zero marginal productivity of labor and
declining labor productivity, as is indicated in Uganda and Tanzania in this study [43,44].
Labor productivity results can highlight trends in labor markets such as increasing or
decreasing employment and skills indicative of economic sustainability for the fishers;
however, further analysis is needed on this issue.

The objective of the stringent fisheries enforcement in Uganda and Tanzania was
to raise stock sizes of Nile perch by reducing illegal fishing activity, thereby improving
fish exports [45]. The reported biomass estimates for the Nile perch before and after
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enforcement have followed a similar variable trend for all countries. Gear size and type had
a small influence on fish stocks, as the Kenyan side maintained its biomass [8]. Successful
policy implementation should lead to improved vessel efficiency, but the evidence for such
effects regarding Uganda and Tanzania is weak [8,11,45-47]. This is in line with substantial
literature that shows that policies that prioritize maximizing productivity may negatively
impact the long-term sustainability of fish stocks, leading to depletion and even collapse
of certain species [48-50]. The Ugandan and Tanzanian model of fisheries management
illustrates the difficulty of regulating activities that people are compelled to undertake
given their negative economic situation.

While the study demonstrates that the data used in this study can be effectively used to
assess fishing fleet performance and inform fishery management in data-deficient contexts,
it is important to recognize that the application of stochastic frontier production requires
larger datasets to yield more robust results. As such, interpretations should be approached
with caution, given the potential limitations in the data’s scope of this study. Nevertheless,
the findings still provide valuable insights into fleet efficiency and management strategies
in resource-limited fisheries.

5. Conclusions

This study focuses on evaluating the technical efficiency of the Nile perch fishing fleet
on Lake Victoria, categorizing vessels into three distinct groups based on their technology.
Motorized vessels exhibited the highest efficiency (mean 0.60-0.66), showcasing their
significant growth throughout the study. The declining trend observed in sailed vessels
is reflected in their low technical efficiency across all countries, with specific variations
observed for paddled vessels between Kenya and the other riparian countries.

The study acknowledges that vessel development mirrors the economic progress of
the East African economies. The prevalence of paddled vessels in Uganda and Tanzania
underscores their importance in artisanal fisheries, driven by a low opportunity cost of
labor compared to Kenya. The improvement in technical efficiency and labor productivity
in Kenyan vessels indirectly highlights gaps in fisheries management, questioning the
effectiveness of enforcement, consideration of fish population status, and socio-economic
conditions for alternative employment.

Overall, this study’s primary contributions involve showing how sparse and deficient
data can be utilized and interpreted in fisheries management, illustrating the application of
technical efficiency in evaluating economic outcomes and fish stock health. It emphasizes
the importance of incorporating CAS data into econometric models for resource assessment
and policy evaluation, underlining the significance of monitoring fishery statistics. By
analyzing transboundary fisheries data from Kenya, Uganda, and Tanzania, this study
offers a unique perspective on factors impacting these fisheries, contributing to comparative
studies on fishery performance in the African Great Lakes region.
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Abstract: China plays a significant role in the global fishing industry. The small-scale fisheries
(SSFs) operating along its coast have made noteworthy and invaluable contributions in the areas of
poverty alleviation, protein provision, social equity, and overall socioeconomic development. Coastal
small-scale fishing management is a persistent challenge for all fishing nations, including China. In
recent years, China has made significant strides in adopting scientific and refined approaches to
fishery management in this sector. This paper provides an overview of the development of China’s
coastal fishery management practices, including changes in policies, methods, and modes since the
establishment of the People’s Republic of China (PRC) in 1949. To address these challenges, this
research seeks to enhance the governance system of small-scale coastal fisheries by assessing values
from three dimensions: society, economy, and ecology.

Keywords: small-scale fisheries; policy evolution; coastal fisheries; sustainable fisheries policy;
data-limited fisheries; China

Key Contribution: Small-scale coastal fisheries management involves multiple economic, social, and
ecological objectives. Since the 1950s, China has implemented a series of policies to improve coastal
fisheries management. Focusing solely on a single value dimension and management approach cannot
address the decline in coastal fishery resources and poses challenges to the livelihoods of traditional
fishermen. To address these issues, the government should enhance awareness of sustainable coastal
fisheries, expand policy focus beyond ecological value, strengthen understanding and research
of SSFs, and implement comprehensive policy support measures that integrate economic, social,
and ecological considerations. Enhancing the organizational level of coastal fishing communities,
adopting mixed governance models, and employing diverse management approaches are crucial for
the sustainable development of coastal fisheries. Continuous exploration and reform are guiding
China’s coastal fisheries management toward differentiation, refinement, and scientific approaches.

1. Introduction

Over 90% of the 120 million fishers globally who rely on fishing for their livelihoods
engage in SSFs [1]. These fisheries contribute to over half of the world’s fish catch, with the
majority (90-95%) being consumed locally [2]. However, the dominance of large industrial
vessels in fisheries management has resulted in the neglect of policy considerations for
SSFs [3]. Addressing the needs of SSFs requires global recognition and support. The
Voluntary Guidelines for Securing Sustainable Small-Scale Fisheries in the Context of
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Food Security and poverty Eradication (abbreviated as SSF-Guidelines) [2] serve as a
foundation and policy framework for promoting sustainable development, conservation of
resources, and protection of rights and interests in coastal fisheries countries. Despite the
guidelines, several challenges remain in their implementation, such as inadequate financial
and technical resources from governments, the need for complementary policy support,
and limited international cooperation. To ensure the sustainability of small-scale fishers’
livelihoods and facilitate progress towards sustainable development, increased policy input
and support are necessary in implementing the global action plan [4].

In China, the classification of coastal marine capture fisheries into SSFs/artisanal or
commercial sectors is not straightforward. Factors such as engine size, length of vessels,
distance from shore, water depth, and fishing gear used all contribute to the same type
of catch [5]. Generally, China’s coastal capture fisheries are considered small scale due to
their concentration in inshore waters, where fishing vessels have distinct differences in
size and power compared to medium and large-scale vessels. However, the 2019 revision
of Provisions on the Administration of Fishing Licenses (hereafter referred to as PAFL,
2019) does not provide a clear definition of SSFs. It only distinguishes small-scale marine
fishing vessels without offering a comprehensive understanding of the concept [6]. The
management of small-scale fishing vessels and their operations currently lack cohesion and
defined objectives. Furthermore, the absence of corresponding content in legal and policy
documents at provincial and county levels in coastal regions poses additional challenges in
defining SSFs.

In light of these circumstances, the 14th Five-Year Plan for Fisheries Development
was introduced in January 2022 [7]. This plan includes adjustments in the allocation of
fishery resources, such as limiting the number and area of fishery licenses, implementing
fishery quotas, and enforcing seasonal fishery closures. It also supports the transformation
and modernization of small-scale fishing vessels while strengthening supervision and law
enforcement. The promotion of cooperation between the central and local governments,
fishery associations, and fishermen’s organizations indicates a shift towards a more differen-
tiated, refined, and scientific approach to fishery management by the central government.

As the 14th Five-Year Plan for Fisheries Development nears its conclusion, we have
conducted an analysis of China’s coastal fisheries policy changes over the past 75 years. This
analysis aims to understand the motivations behind the policies, assess their effectiveness
in implementation, and identify existing issues. The findings will facilitate the formulation
of more precise and scientifically grounded policy recommendations for coastal fisheries
management in the upcoming 15th Five-Year Plan.

2. Material and Methods
2.1. Policy Text Analysis

We use the policy text analysis method and have a comprehensive and overall grasp
of the policy text. First of all, we manually collected the laws, administrative regulations,
departmental rules, normative documents, and fishery development plans related to the
coastal fishing industry promulgated by the government of China from 1949 to 2024 through
the keywords “Coastal fishing industry” or “Small fishing vessels”. We paid attention to
the objectives, scope, types, and policy tools involved in the policies. Combined with the
collected policies, we can infer the relevant characteristics of policy evolution [8].

2.2. Documentary Analysis

We conducted an analysis of 27 papers using the keywords “China coastal fishing
fishery” and “fishery policy” within the Web of Science database and made clear the core
policies and characteristics of the coastal fishing industry in China at different stages. In
China, SSFs are not managed indiscriminately compared with medium and large-scale
fisheries. Therefore, the policy characteristics of SSFs are similar to these, which can be
roughly divided into the germination period (1949-1977), the development period (1978-
2000), and the control period (2000—present).
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3. Results
3.1. The Evolution and Characteristics of the Coastal SSFs Policy in China
3.1.1. Embryonic Period of SSFs Management (1949-1977)

Following the establishment of the People’s Republic of China, rural areas in China
remained largely reliant on traditional small-scale peasant production, characterized by
limited productive capacity and low living standards. Amid the national emphasis on in-
creasing grain output, the fishery sector has gained attention as a crucial factor in achieving
this goal. Aquatic products serve as a significant protein source for humans. To mobi-
lize collective efforts and maximize production, scattered and relatively unproductive
SSF producers were integrated through the establishment of fishery cooperatives. These
cooperatives primarily managed low-power wooden fishing boats. By 1958, with the estab-
lishment of the Fishery People’s Commune, individual production and management by
small-scale fishermen transitioned to collective management [9,10]. Fishery organizations,
mainly in the form of fishery communities, were implemented, introducing a flexible sys-
tem in terms of organizational scale, ownership, distribution, operation, and management,
which facilitated increased fishery production. Additionally, designated coastal fishing ban
zones were established to protect fishery resources in coastal waters.

3.1.2. Development Period of SSFs Management (1978-2000)

Since the Third Plenary Session of the 11th CPC Central Committee in 1978 opened
the transition from China’s planned economy to a market economy, great changes have
taken place in fishery rights and fishery management systems. In particular, in the fishing
areas of Guangdong and Fujian, where China’s fishery is relatively developed, the coastal
areas of Guangdong and Fujian have first begun to explore the reform of the fishing fishery
management system. Haifeng County and Yangjiang County in Guangdong, Lianjiang
County and Dongshan County in Fujian Province have successively started the reform
of the fishing fishery management system and tried to offer a variety of new fishery
management models such as discounting the price and accounting for cooperative fishing
vessels [11], breaking the original management system of basic accounting with “team” as
the production unit, and transferring the main means of production such as fishing boats
and fishing nets from collectives to new economies such as cooperative fishing vessels
through paid transfer. Fishermen have equal rights, joint possession, and domination.
By 1983, the shareholding ratio of cooperative fishing vessels had risen from 15% to
70%, which meant that the fishing rights of the original production teams were generally
transferred [11]. In the major fishing areas, we have comprehensively carried out the
reform of the shareholding system for fishing vessels, discounted the prices of the fishing
boats of the former brigades and gave them to the fishermen for joint ownership, turned
large collectives into small groups, and implemented a system of accounting by boats
and decentralized management. This is the change in the small-scale fishery management
system from collective to individual, from centralization to decentralization in China.
Because of China’s vast land, long coast, and huge fishing vessels that operate less than 12
m along the coast, this is one of the factors that make it difficult to manage SSFs in China
from collective to individual and from centralized to decentralized.

The decentralized management system has boosted fishermen’s enthusiasm for pro-
duction, but it has also led to an increase in the number of fishing vessels and dispersion of
fishing activities, exacerbating the depletion of coastal fishery resources. At this stage, the
Chinese government recognized the issue of declining fishery resources and implemented
specific legislative measures to address it. These measures included the protection of
aquatic resources, the implementation of a fishery license system, the establishment of a
fishing vessel management system, and the introduction of a series of management and
conservation systems for fishery resources.
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3.1.3. Management and Control of SSFs (2000-Present)

In 1987, the “double control”—an input control method aimed at reducing or limiting
the total fishing capacity of a fishing fleet by controlling the overall vessel number and
horsepower of the fishing fleet system for marine fishing vessels, which regulates the
number and power of fishing vessels—was introduced with the Opinions on the Control
Indicators for Coastal Fishing Motorized Fishing Vessels. However, due to weak imple-
mentation, the total number and power of fishing vessels in China show a growing trend
from 1992 to 1999, reaching a peak in 2000. During the Ninth Five-Year Plan period, the
growth rate of fishing vessel power in the country declined sharply from 43% to 37%, and
the number of fishing vessels experienced negative growth [12]. This decline was mainly
attributed to a reduction in low-power fishing vessels, indicating that the fishing vessel
and power control systems have helped to curb the excessive growth of fishing vessels.

In the 1990s, the excessive fishing activities in China’s coastal areas led to a significant
decline in the production of economically important fish species, with some resources
approaching extinction. To address this issue and prevent overfishing, the Ministry of
Agriculture introduced the concept of “Zero growth of marine fishing output” (hereafter
referred to as Zero growth). A year later, the target of achieving “Negative growth of marine
fishing output” (hereafter referred to as Negative growth) in marine capture production
was set as a means to reduce the intensity of fishing and strengthen the protection and
restoration of coastal fishery resources [13].

During this period, there was a shift in the fishery management system from the
contract responsibility system to the shareholding system. This transition allowed for
self-management and self-accountability in terms of profits and losses, which has remained
in place until now [14].

In 2003, the Fisheries Bureau of the Ministry of Agriculture introduced the Opinions
on the implementation of Marine Motorized Fishing Vessels Control System from 2003 to
2010, marking the start of the “total control system” phase during the Ninth Five-Year Plan,
focusing on reducing the number of fishing vessels [15]. In 2017, the Ministry of Agriculture
issued a notice to further strengthen the control of domestic fishing vessels and implement
comprehensive management of marine fishery resources, specifying the number and power
of fishing vessels in China’s coastal provinces from 2015 to 2020 [16]. While the “Zero
growth of marine fishing output” and “Negative growth of marine fishing” policies differ
in timing and background from the previous double control and double reduction policy
system, the objective remains the same: to reduce the intensity of small-scale fishing vessels
in coastal areas. In the 14th Five-Year Plan for Fisheries Development released in January
2022, the management objectives for the coastal fishing industry have shifted from “strict
control” (the management focus has changed from simply strictly controlling the total
amount of fishing to optimizing the fishing structure, including optimizing the number
and scale of fishing vessels, promoting the upgrading of fishing methods and technologies,
and protecting fishery resources and ecological environment) to “optimization of fishing
structure”, indicating a move towards differentiated, refined, and scientifically managed
fishery management by the central government [7].

3.2. Common Characteristics of Policies at All Stages

Through the analysis above, we find that small-scale coastal fisheries, although ad-
justed according to different social, economic, and policy conditions, share the following
common characteristics across different policy stages.

3.2.1. Focus on Ecological Value

Fisheries policies are formulated to tackle intricate social challenges. If the value
orientation of these policies is oversimplified, it may overlook the diverse requirements
of society across various developmental stages and societal groups. Consequently, such
policies may lack adaptability to intricate realities and overly concentrate on a sole objective,
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often disregarding the significance of long-term sustainable development. Consequently,
these policies can prove ineffective when confronted with intricate SSFs.

From the perspective of the different stages of China’s small-scale fishery policy,
namely the embryonic stage, the development period, and the control period, these stages
can be classified based on the policy’s value dimension. The value dimension specifically
encompasses the economic, social, and ecological aspects of China’s fishing industry
policy [17]. The economic value primarily centers on the provision of aquatic products,
enhancing the market value of fish and other cash crops related to aquaculture, and driving
economic growth in fishing-related industries. The social value emphasizes factors such
as maintaining stability in coastal areas, improving the living conditions of fishermen,
and promoting employment opportunities for fishermen. The ecological value focuses on
the conservation of marine living resources and the restoration of marine ecosystems [17].
However, it is noteworthy that the policies pertaining to SSFs in China predominantly
prioritize ecological value, with limited emphasis on social and economic value, as indicated
in Table 1.
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3.2.2. Mainly Based on Input Control Means

Command control is one of the commonly used policy tools [18]. In China, input
control measures often need command-control tools to implement, which are commonly
employed in the management of small-scale fisheries. This tool entails regulating the
exploitation and utilization of fishery resources by controlling factors such as the number
of individuals, fishing vessels, fishing gear, fishing grounds, fishing seasons, and fishery
rights, employing government-led command and control mechanisms as a form of man-
agement [19,20]. In China, input policy tools (refer to Table 2) are characterized by the
government’s ability to enforce specific measures through administrative authority, partic-
ularly in public goods with pronounced negative externalities, such as SSFs, where it plays
a crucial role in safeguarding coastal fishery resources and ensuring the safety of fishery
production. However, in China, the command-control policy tools exhibit deficiencies in
their policy design characteristics: (1) they overlook variations in the process of policy
implementation. Command and control approaches often impose uniform standards for
different types of fisheries in diverse regions with varying natural characteristics, scales,
operating methods, and levels of development, thus underestimating and disregarding
the socioeconomic impact of SSFs; (2) they fail to address information asymmetry. The
governance challenges of SSFs stem from the difficulty in obtaining data, leading to the gov-
ernment’s inability to acquire comprehensive, accurate, and complete information, resulting
in decision making that is often flawed, thereby posing significant challenges [21,22].

Table 2. Management measures are commonly used in the management of SSFs in China.

Input Control Purpose/Role

Licenses serve as the only means of controlling the
number of people involved in fishing.
There is a direct limitation of effort input, e.g., fishing
time, traps, or trawl settings.
conserving known populations at a specific place or
Closed to fishing, time; it is usually its spawning or juvenile stage. It can
Closed fishing zone also be used to control total fishing efforts, eliminating
fishing from a specific group of areas or time of year.
These are usually designed to control the size or type
Fishing gear restrictions of fish being caught, for example, by adjusting the size
of the mesh used in the net or trap.

Management of fishing permits

Fishing efforts are controlled

3.2.3. Mainly Rely on the Management System of the Central Government

The existing SSFs management system, from the central to the local level, primarily
focuses on controlling inputs based on quantitative indicators. However, there are several
issues with the legal system and normative policies at all levels of government. Firstly,
there is an unclear definition of SSFs and fishermen, which creates ambiguity and a lack
of a solid management foundation. Secondly, local governments are not responsive to
higher-level government policies. Local governments have been slow in implementing and
adhering to central government policies. For instance, despite the new version of PAFL,
coastal governments at all levels have not issued legal and policy documents related to the
management of SSFs, nor have they made the necessary revisions in accordance with the
new regulations on fishing permits.

In the current small-scale fishery management system, there is a lack of clear policy
documents that provide a precise definition of SSFs. Differentiated policies are necessary
to distinguish SSFs from other types of fisheries based on factors such as water type,
dependency level, and historical evolution. Policy tools should be adjusted according to
the specific characteristics of SSFs.

Regarding institutional arrangements, current policies have limited provisions ad-
dressing SSFs. Although PAFL has introduced several elements of SSFs management, there
are no specific implementation rules at the local level. Generally, the physical characteris-
tics, management models, and policy provisions for PAFL are similar. However, regional
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differences arise due to variations in the dependence of local fishermen on SSFs, economic
income, aging levels, and government support [5].

Furthermore, the enforcement and regulatory capacity of local governments signif-
icantly impact the development of SSFs. In many areas, the lack of effective regulatory
mechanisms and inadequate human resources allows unrestricted fishing, resulting in
resource overexploitation and environmental degradation. The trade-off between economic
development and environmental protection in some local governments may also affect the
sustainable growth of SSFs.

The quality of fishermen and their understanding of policies also play a significant
role in policy implementation. Many fishermen lack sufficient awareness of new policies,
leading to deviations in their practices. Additionally, information asymmetry prevents
some fishermen from accessing timely policy information, causing them to miss out on
government support.

To address these challenges, it is crucial to establish a more scientific and adaptable
local management system. This includes the development of implementation rules tailored
to local contexts, increased awareness and training for SSFs, and improved policy under-
standing and participation among fishermen. Local governments should also enhance
financial support, provide necessary technical guidance, and ensure resource availability to
facilitate the sustainable development of SSFs.

While central policies provide a framework and guidance for small-scale fishery
development, the active participation of local governments and fishermen is indispensable.
Only through collaborative efforts can we promote the healthy and orderly growth of SSFs.

3.2.4. Command-Control Model Is Dominant

In some cases, command-control management models have certain advantages, such
as improving management efficiency and the execution of decisions, ensuring the uniform
implementation of policies and measures, and better centralizing and allocating limited
resources. However, there are also some drawbacks to this management model, including
relative rigidity, information asymmetry, lack of participation and feedback mechanism, and
the social governance system being overly dependent on the government’s command and
control means and lacking autonomy and innovation. In addition, the command-control
management model leads to a lack of financial support. Some local policies on small-scale
fisheries, such as Shengsi County, have introduced more specific measures, but they cannot
be implemented due to a lack of funds [5]. Due to China’s command-control management
model, the government’s budget determines the government’s priorities. Therefore, local
governance issues do not attract attention, and neither do policy and financial support.

For example, according to the latest PAFL [6], the authority to approve the indicators of
small fishing vessels and net tools is delegated to the provincial-level fishery authorities, and
the provincial-level departments are decomposed and passed on layer by layer according
to the resource status of the province and the goals and policy orientations set by the higher-
level government. However, at present, local governments mainly focus on reducing
fishing intensity, restoring coastal resources, promoting the conversion of fishing industries,
and improving the capacity building of grassroots fishing vessels in accordance with the
policy directives of the central government.

Stuck in the command-control management model for a long time, China has repeat-
edly demonstrated the ability to “concentrate on doing big things”, which reflects the
long-term dominance of command and control means in China’s action logic, the social
governance system has formed an over-dependence on the government’s management
model, and the social system is scattered and lacks experience and social trust.

4. Challenges and Constraints of SSFs Policy in China

Coastal fisheries have significantly contributed to China’s economic development and
the well-being of its people in recent decades. They have generated numerous employment
opportunities for fishermen and related workers, thereby boosting income growth in
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coastal communities. In parallel, the Chinese government has prioritized marine ecological
protection in coastal fisheries by implementing measures such as enhanced supervision,
reduction in illegal fishing, prohibition of unauthorized fishing activities, and preservation
of marine ecosystem diversity and stability.

Nonetheless, certain deficiencies in the governance of public affairs, particularly in
small-scale fisheries, persist in China. These deficiencies include a lack of long-term and
systematic policy support, limited management methods, and insufficient stakeholder
participation. Consequently, small-scale fisheries often face challenges on the periphery of
fishery management.

The PAFL introduced unprecedented regulations to oversee small fishing boats. These
measures include provincial determination of the number of small fishing boats and
restrictions on engine power, requirements for approval of fishing grounds in Class A
waters (according to Article 23 of PAFL 2019, the marine fishing zone is divided into four
categories: A, B, C, D. Class A includes the sea area of the Yellow Sea, Bohai Sea, East
China Sea, South China Sea, and other sea areas on the land side of the outer boundary of
closed fishing zone for bottom trawling by motorboat; Class B are Chinese and surrounding
countries jointly managed fishing areas, which including Nansha sea area, Huangyan
Island sea area and other specific fishery resources fishing grounds and aquatic germplasm
conservation zone; Class C including the Bohai Sea, Yellow Sea, East China Sea, South
China Sea and other sea areas under China's jurisdiction except Class A and Class B fishing
zones. Class D fishing area is high seas), and limitations on each family obtaining fishing
licenses for more than two small fishing boats. However, the government’s understanding
of the supporting role of SSFs in China’s fisheries economics and industry remains limited.

4.1. Lack of a Sustainable Policy Framework

In the context of sustainable economic development, it is crucial to develop policies
that encourage fisheries to adopt sustainable fishing techniques and management practices.
This will ensure stable catches and long-term growth in the economic benefits of fisheries.
Governments can provide financial support to promote the development and application of
innovative technologies that reduce costs and improve the efficiency of fisheries operations.
Additionally, policies should encourage the development of the fishery industry chain,
provide employment opportunities, and promote economic growth and social prosperity.
Developed countries have implemented various policies to support the economic growth
of sustainable fisheries. For instance, the Government of Norway has introduced a system
of catch quotas and fisheries permits to limit catches and ensure the sustainable use of
fishery resources. They also encourage fishermen to adopt environmentally friendly fishing
techniques, such as selective fishing and net selection devices, to reduce the catch of non-
target species [23]. These measures not only improve fishing efficiency but also increase
the economic benefits of fisheries.

In terms of sustainable social development, policies should focus on improving the
living conditions of fishers and promoting the sustainable development of communities.
Governments can provide training and skills upgrading programs to help fishers adapt to
new fisheries management requirements. Social protection and welfare measures should
also be implemented to safeguard the basic rights and welfare of fishers. Furthermore,
policies should encourage the establishment of fishers’ cooperatives and mechanisms for
participation in fisheries decision making, enhancing community cohesion and auton-
omy [24-26]. Developed countries have implemented measures to improve the living
conditions of fishermen and foster sustainable community development. For example,
the Government of Iceland has implemented a training program for fishermen, providing
them with the necessary skills and knowledge to adapt to new fisheries management
requirements. Iceland has also introduced a cooperative fisheries management system that
encourages the establishment of fishermen’s cooperatives, fostering community cohesion
and autonomy through consultation and participation in decision making [27].
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In terms of ecologically sustainable development, policies should be implemented
to protect fishery resources and maintain the health of marine ecosystems. Governments
should formulate fishery management regulations, restrict catches, prohibit destructive
fishing practices, and establish protected areas and moratoriums to restore and protect
important fishery resources [28,29]. Strengthening monitoring and research efforts is
also essential to understand the impacts of fisheries on ecosystems and adjust fisheries
management policies based on scientific research. Developed countries have adopted
a range of conservation measures to protect fishery resources and the health of marine
ecosystems. For instance, the Government of Canada has established closed fishing areas
and protected areas to restrict fishing activities and protect important fishery resources
and ecosystems. Additionally, the Norwegian government has enhanced the monitoring
of fishery activities, conducted scientific research to understand the impact of fisheries
on ecosystems, and adjusted fisheries management policies accordingly to ensure the
sustainable use of fishery resources [23].

4.2. Lack of Differentiated Policy Supply

We reviewed over 150 laws, administrative regulations, departmental rules, and
normative documents related to fisheries in China, with a focus on the contents pertinent to
SSFs (see Table 1). From a textual perspective, it is observed that most of these documents
primarily center on the management of small fishing vessels, emphasizing the reduction in
the number of fishing vessels and fishing intensity. Furthermore, the provisions related to
the management of small-scale fisheries within China’s relevant laws and policy documents
are found to be quite limited. Access conditions for small-scale fishers, gear, and grounds
have not been clearly defined. For instance, certain coastal provinces have not made
corresponding adjustments to the content of fishing areas in marine Category A fishing
areas for domestic marine small-scale fishing vessels, as outlined in the PAFL. Therefore,
the operating areas of medium- and large-sized vessels and small-scale vessels continue
to overlap. Additionally, traditional practices and species of small-scale fishermen have
not been classified and managed. In addition to boats, manual types of work such as shore
fishing, net insertion, shoveling, picking, and digging are also not adequately addressed.

4.3. Limited Data Are Difficult to Support Scientific Decision Making

For instance, in China’s “People’s Republic of China (PRC) Fisheries Law” and PAFL,
it is stipulated that large-scale fisheries are required to fill in fishing logs, whereas small
fishing vessels and manual fishing methods are not subjected to the same requirement.
Furthermore, there are no other management requirements for information and data related
to SSFs, neither at the national nor local level. This lack of data and dynamic information
on the production process of SSF makes it difficult to achieve science-based management.
Under the current Fisheries Law, the issuance of permits is supposed to be based on
resource capacity indicators such as total allowable catches. However, permits are currently
issued based on the number of applications by fishermen rather than the capacity of fishery
resources. As a result, there are no substantial restrictions on the conduct of SSFs, making
enforcement more challenging.

4.4. Insufficient Governance Capacity and Lack of Technical Assistance

The PAFL authority to approve indicators for small fishing vessels and net tools was
delegated to provincial fishery authorities. This demonstrates that China’s government has
been transforming its functions in the context of decentralization, regulation, and service,
aiming to reduce excessive intervention by the central government.

The management of SSFs primarily falls under the jurisdiction of towns and villages
below the county level. However, specific fishers” organizations dedicated to SSFs have
not yet been established. China’s small-scale fishery sector continues to operate in a decen-
tralized manner. The requirement for a fisherman'’s organization certificate to apply for a
fishing license is currently replaced by the village committee or neighborhood committee
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to which the fisherman belongs. However, these organizations are not specifically fishers’
organizations but general grassroots self-government organizations, and their members
include all residents of villages and towns. Currently, there are no grassroots management
organizations specifically dedicated to small-scale fisheries. Even if they exist, they are often
managed in conjunction with small, medium, and large-scale fisheries. In some cases, SSFs
are excluded by fisheries organizations to avoid increasing management costs. As a result,
small-scale fishers have limited participation and influence within these organizations.
When faced with management decisions made by the village committee, few opinions or
suggestions are put forward by small-scale fishers, and even if they are, they are often
ignored in line with the principle of majority rule.

The capacity of relevant central government agencies, local authorities, and small-
scale fishers themselves is crucial for the effective implementation of policies. Training
programs, technical assistance, and knowledge exchange platforms can play a significant
role in building the necessary skills, knowledge, and capacity to address challenges in the
implementation of governance policies.

4.5. Inadequate Law Enforcement Capacity

Limited enforcement capacity presents a significant challenge to the implementation
of China’s marine fisheries policies. The vast coastal areas and large numbers of small-
scale fishermen make it difficult for government departments to effectively monitor and
enforce regulations to ensure that fishing activities align with sustainable practices. Surveys
conducted in Zhejiang Province in the East China Sea have revealed that local policies
often fail due to challenges in implementation [5]. The decentralized and small-scale nature
of fishing activities makes it challenging for regulatory authorities to cover all fishing
vessels, resulting in ineffective monitoring and enforcement of sustainable fishing practices.
Consequently, some fishing activities may not meet the requirements of sustainable fisheries,
thereby impacting the marine ecological environment.

Another obstacle faced by law enforcement officials is the lack of a precise definition of
SSFs and the absence of a uniform definition of small-scale fishing vessels. The inconsistent
criteria for judging small-scale fisheries, as evidenced by the changing caliber of small-
scale fishing vessel statistics in the Fishery Statistics Yearbook over the years, has led to a
lack of standardization. The classification of small fishing vessels according to length, as
introduced in the PAFL, has further contributed to a lack of uniformity in the description
of small-scale fisheries among fishermen, law enforcers, and other stakeholders. This lack
of clarity creates challenges in law enforcement due to the absence of a standardized basis
for judgment.

5. Prospects for the Governance of SSFs in China
5.1. Establish a Policy Value System for SSFs

In order to develop effective fisheries policies, it is essential to consider the economic,
social, and ecological values associated with fisheries. Economic value should be regulated
and scientifically utilized through market mechanisms to ensure the sustainable use of
fishery resources and establish effective supervision. Social value should be achieved by
understanding and meeting the needs and expectations of fishers and coastal communities
while also ensuring fair and equitable distribution of resources. Ecological value empha-
sizes the maintenance and protection of marine ecosystems’ integrity and functioning (refer
to Figure 1).
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+ Introduce market mechanism
+ Promote inable fishing technology
+ Facilitate industrial integration

+ Data-driven decision-making

Economic
value

o ——— —— — — —
I * Promote community participation | I « Ecosystem protection A
+ Enhance fishermen's welfare « Envir 1 impact |

l + Offer vocational training and education |

. . « Enhance scientific research and monitoring
+ Promote social equity J

Figure 1. Value system of SSFs coastal sustainable fisheries policy.

To overcome the existing biases and imbalances in current approaches to fishery
resource assessment and achieve social, economic, and institutional integration, several
actions are necessary. Firstly, the assessment and management process should adopt
a holistic approach that considers social, economic, and institutional aspects, not just
biological aspects. This requires the involvement of multidisciplinary experts such as
economists, social scientists, and policymakers to ensure diverse perspectives and interests
are fully considered.

Secondly, appropriate governance mechanisms should be implemented to facilitate inter-
disciplinary collaboration and decision making. This may involve modifying existing fisheries
management systems to integrate and balance all relevant considerations. Additionally, a
transparent and participatory decision-making process should be adopted, encouraging all
stakeholders to actively participate and provide their views and suggestions.

Furthermore, it is crucial to establish monitoring and evaluation mechanisms to track
and assess the effectiveness of fisheries management and decision making. This will allow
for necessary adjustments and improvements as needed.

In conclusion, achieving social, economic, and institutional integration is crucial to ad-
dressing the current biases and imbalances in fishery resource assessment and management.
This requires involving multiple disciplines, establishing effective governance mechanisms,
implementing transparent decision-making processes, and establishing robust monitoring
and evaluation systems. By integrating these considerations, sustainable fisheries manage-
ment goals can be achieved, leading to better outcomes and benefits for fishers, decision
makers, and society as a whole.

5.2. Establish a Co-Management Mechanism of Fishery Resources Based on Fishing Community

The governance of SSFs is complex due to its characteristics of complexity, variability,
publicity, and contradiction. Relying solely on the public sector to achieve positive gover-
nance results is often challenging, while the private sector, especially in the management of
public resources, generally requires state support.

From the perspective of interactive governance theory, the logic of multi-subject col-
laborative governance aims to address the incompatibility between the traditional public
management paradigm and the current times. The “Opinions of the Central Committee
of the Communist Party of China and the State Council on Strengthening the Moderniza-
tion of the Grassroots Governance System and Governance Capacity” issued in July 2021
emphasizes the importance of grassroots governance as the cornerstone of national gover-
nance [30]. Additionally, Central Document No. 1 in 2022 highlights the need to strengthen
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the construction of rural grassroots organizations and village party committees [31]. These
documents provide a framework for China’s rural governance system.

In the context of SSFs governance in China, the primary responsibility lies with the
grassroots government at the county level and below. While the grassroots government
is at the end of the administrative chain, it serves as the ultimate implementer and an
important subject in the implementation of policies and government governance systems.
It acts as the connection between the state and society and directly impacts the effectiveness
of government policy implementation.

Therefore, the governance of SSFs should be primarily led by grassroots governance,
specifically the government at the county level and below. However, the government should
not be the sole independent governance body. It is crucial to involve more participants in
small-scale fisheries governance. China’s proposal to realize the modernization of national
governance is based on the recognition of the limitations of a government-based and single
national governance subject. From a pluralistic governance perspective, China’s multi-
subject collaborative governance should adhere to coordinated governance among multiple
subjects under the leadership of the Communist Party of China, promoting governance
consensus among all relevant parties.

In 2017, China issued a notice to strengthen the control of domestic fishing vessels and
implement the total management of marine fishery resources. This notice introduced the
management of fishing vessels based on classification and zoning. It stipulated that the
indicators for small fishing vessels and their net tools should be approved and issued by
the people’s governments at the provincial level, with boats below 12 m being primarily
managed by township regulations [16]. The township government, as the lowest level of
the national administrative system, faces constraints from the top-down administrative
system while also addressing the demands of rural society from the bottom-up. Therefore,
a high degree of autonomy should be granted to township grassroots governance. This
approach not only resolves the challenge of managing many small and scattered small-
scale fisheries but also supports management reforms related to the total management of
coastal fishery resources, quota fishing, designated landing points for catches, and catch
traceability systems. It further strengthens the supervision of fishery production safety.
Since 2017, China has implemented pilot projects on the management of marine fishery
quota fishing, with varying degrees of fishery management organization for medium and
large fishing vessels and certain fish species. However, the practical results of these pilots
also face numerous challenges [32,33].

Therefore, in the current fishery transformation and reform in China, the governance
system for small-scale fisheries should gradually explore the establishment of a governance
pattern that incorporates grassroots party organizations representing national governance,
administrative governance represented by townships, social governance represented by
villagers’ committees, scientists, fishery industry organizations, non-governmental organi-
zations, and market governance represented by cooperatives.

5.3. Explore Mixed Governance Models

In the model of small-scale fisheries, hierarchical governance, co-governance, and
autonomy are usually adopted. Hierarchical governance is the management of the state
based on political preferences, and its policy objectives are achieved through centralized
management and intervention (refer to Table 3). In the selection of small-scale fishery
governance models, hierarchical governance dominates [34]. In Portugal, the octopus
fisheries are governed using this model, which is top-down and combined with input and
output control management measures. However, this model is usually more complex in
practice than it is in theory, and it shows obvious shortcomings and dysfunction in the face
of complex, multi-jurisdictional, and mixed fisheries, which are difficult to solve by relying
on government departments alone [34,35].

Co-governance is different from hierarchical governance in that it emphasizes the
sharing of power and responsibility among multiple parties (refer to Table 3). Due to the
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diversity of forms and rich connotations of joint governance [36], representative such as
Japan’s common fisheries management relies on two representative systems, FCAs (FCAs)
and TUREFs (Territorial Use Rights Fisheries, TURF) [37,38].

At the heart of the system is the definition of fishery resources as quasi-public goods,
giving them a competitive and non-exclusive character. In France, the co-governance of
small-scale fisheries mainly comes from the participation of stakeholders such as producer
organizations, governments, markets, fishers, etc. Producer Originations (POs) play an im-
portant role in management, drafting regional fisheries management plans, and allocating
quotas to the organization’s members [35].

Autonomy reflects the situation in which actors take care of their own interests outside
the purview of the government, and autonomy is not a capacity created by the government
but is formed spontaneously [38,39]. FAO (Food and Agriculthre Organization) autonomy
refers to the fact that fishery actors make their own governance decisions [40,41]. The
model of self-government adopted in Chwaka Bay, Tanzania, is completely controlled by
local elites and does not ensure the impartial, democratic representation, participation, and
identity of village-level fishermen’s committees, resulting in inefficient governance [34].
However, autonomy has played a positive role in Korea, which is based on fishing commu-
nities and relies on vertical cooperation between central and local governments, as well
as cooperation between local governments and fishermen and interest groups, which are
prerequisites for successful governance [39].

Mix governance emphasizes the participation of stakeholders at different stages of
the decision-making process and plays a greater role than ever in the governance of public
affairs, in contrast to the centrally authoritative nature of the traditional, hierarchical state,
thereby improving the quality and effectiveness of governance [42]. This model not only
represents the mixing and interaction between governance models but also emphasizes that
the three types appear in different manifestations, proportions, or combinations. Emphasis
is also placed on the interaction between the state, the market, and society [36].

Jentoft et al. argue that fisheries governance is a typical pyramid system with clear
boundaries and information transmission chains between hierarchies, which is clearly
different from other systems [43]. He once used “roses and pyramids” as metaphors
for fishery governance. The “rose” symbolizes the system formed by the alliance of
stakeholders, and the groups involved in decision-making and policy formulation jointly
or interchangeably become the subject or object of governance, and they prefer to achieve
tangible (quota) or intangible (political stance) support through active participation. It is
an ongoing process of conflict resolution [42]. The above two management systems are
based on two completely different management visions; that is, the concept and principles
of meta-governance, as well as the corresponding system design and social interaction,
should also be different.

In fact, the diverse, complex, and dynamic nature of SSFs is at odds with a single
approach to governance [34]. Most of the time, the governance of SSFs should emerge in a
more complex hybrid model and evolve over time as an adaptation to changing political,
economic, or ecological environments [34]. The importance of SSFs lies not in their scale
per se but in their diversity and complexity in many social, cultural, and institutional
dimensions, which involve natural, social, and political dimensions rather than simply
technical or scientific activities. Therefore, moving towards interactive governance is an
inevitable choice for China’s SSFs governance model.
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Table 3. The Contents and Characteristics of Different Governance Modes.

Governance Model

Connotation Characteristics

Hierarchical governance

Co-governance
Self-governance

Mixed
governance

Based on political preferences, top-down, centralized
management and intervention to achieve policy Centralized, command-and-control
objectives [36]

Final decision making is delegated to all partners,
with the government and stakeholders sharing
power and responsibilities [36]
Autonomy refers to the fact that the fishery actors
themselves make governance decisions [39,41]
When faced with the governance problem of public
affairs, a variety of governance decisions, schemes,
styles, or models can be used to solve the problem
[23,34,42,43]

Polycentricity and pluralism of
stakeholders

spontaneity

Dynamic, adaptable, diverse

5.4. Use Policy Diverse Tools for Management

In order to improve the management and sustainable development of small-scale
fisheries, a mixed policy approach should be adopted. Among them, input control is
mainly used as the main management tool, and the form of output control and exclusive
fisheries management areas (TURFs) are tried [5,38].

Traditionally, small-scale fisheries management has relied primarily on input control,
i.e., limiting the resource input required for fishing activities, such as permits, quotas, and
seasonal or regional restrictions. These measures aim to control fishing efforts and catch in
order to maintain the sustainable use of fishery resources. However, input control alone
may not solve all the problems facing fisheries management.

Therefore, a mix of policy instruments, such as output control and exclusive fisheries
management areas (TURFs), should be tried [44,45]. Output control is the management of
resources based on the output of fisheries, such as setting catch caps or limiting the number
of individuals of a particular species or size that can be caught in a fishery.

This approach allows for more direct protection and maintenance of fishery resources
and promotes their sustainable development. Specific sea areas are designated as exclusive
fisheries management areas, which are jointly managed and protected by fishermen. This
form of management can increase fishers’ sense of responsibility and participation in the
sustainable use of resources and promote the rational use of resources. Exclusive fisheries
management areas can also promote community participation and democratization of
fisheries governance, enhancing the sustainability of fisheries management.

SSFs can be managed more holistically through the use of a diverse policy approach,
combining input control, output control, and exclusive fisheries management areas (TURFs).
This diversified management approach aims to balance the sustainable use of fishery
resources with the economic interests of fishers and to improve the effectiveness and
sustainability of fisheries management. At the same time, a mixed policy approach can
also increase the participation and consensus of fishers and relevant stakeholders and
promote cooperation and joint efforts in fisheries management. This will contribute to the
sustainable use of fishery resources, promote the economic benefits of fishers, and improve
the effectiveness and sustainability of fisheries management.

5.5. Enhance Data Collection for SSFs to Facilitate Scientific Decision Making

The lack of reliable and comprehensive data has been a global and long-standing issue
in SSFs [34,46,47]. This problem hinders the accurate assessment of the contributions and
challenges of SSFs. Additionally, we must acknowledge that the characteristics of SSFs
themselves make data collection difficult.

Different methods of data collection should be employed for different types of fisheries.
In small-scale fisheries, maintaining fishing logs can be a challenging task. Therefore, we
can ask fishermen to report data such as catch, catch volume, fishing areas, and trip
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durations to the fishing community upon their return to the fishing port. Furthermore,
data regarding small-scale fisheries, including information on fishing vessels, fishing gear,
practitioners, sales and distribution of catches, costs, and outputs, can be collected through
monthly, quarterly, and annual surveys conducted by fishermen organizations. We can
establish a database for these data and ensure its dynamic maintenance. Additionally,
video monitoring devices can be used to gather data and enable real-time monitoring.

By employing these methods, we can gradually address the data collection challenges
in small-scale fisheries, provide more accurate and comprehensive data support for scien-
tific decision-making, and promote the sustainable development of SSFs.

6. Conclusions

The management of small-scale coastal fisheries is an area with multiple economic,
social, and ecological objectives. China promotes the orderly management of coastal
fisheries through a fishing licensing system. However, due to the multiple internal and
external contradictions of fisheries, focusing only on a single value dimension, management
mode, and means cannot alleviate the decline in nearshore fishery resources but poses
a challenge to the resources and environment on which traditional fishermen rely for
long-term survival. Although China’s governance policies for small-scale coastal fisheries
are improving, they still face challenges and limitations. With the development of other
coastal industries, higher requirements are put forward for the management of coastal
fisheries. The government should gradually raise the awareness of sustainable coastal
fisheries, extend the policy focus from focusing on ecological values to social and economic
values, enrich the governance subjects, adopt flexible governance models, increase the
diversity of policy instruments, and improve the governance efficiency of coastal small-scale
fishing fisheries.

Through continuous exploration and reform, the Chinese government is moving
towards differentiated, refined, and scientific fishery management, which provides new
opportunities for improving the management of SSFs in China. However, government
knowledge of SSFs is still limited, and research and understanding of them need to be
strengthened, as well as more comprehensive policy support measures to promote stake-
holder engagement. Only in this way can the challenges of sustainable development of
small-scale fisheries be addressed more effectively.

Under the framework of the Sustainable Development Goals (SDGs), the sustainability
of fisheries is broader, covering not only the concept of sustainable fisheries but also the
sustainable development of the entire fishery system, including the sustainability of the
fishery industry chain, the sustainable development of fishing village communities, the
livelihood of the fishery workforce, and the sustainability of fishery management policies.

Therefore, China’s coastal sustainable fisheries policy should focus more on economic,
social, and environmental considerations. This requires the government to gradually raise
its understanding of sustainable coastal fisheries and adopt a variety of measures, including
enriching the value of policies, increasing the number of governance subjects, and flexibly
using governance models and diversified policy instruments to improve the governance
efficiency of SSFs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fishes9110451 /51, Table S1: Policies names, release years, and references.
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