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The Namibian hake fishery plays an essential role in both the national economy
and marine biodiversity conservation. However, recent reports of declining catch
volumes and profitability have raised concerns over the biological and economic
sustainability of fishery. This study analyzes a 24-year dataset (2000-2024) using
the Gordon-Schaefer bioeconomic model to assess sustainability, with a focus
on defining Maximum Sustainable Yield (MSY), Maximum Economic Yield (MEY),
and associated effort thresholds for two vessel types: wet-fish (DW) and freezer
vessels (DF). In addition, using multivariate regression, we assessed the influence
of environmental drivers, such as sea surface and bottom temperature
anomalies, gear depth, haul duration, number of hauls, and spatial distribution.
Haul duration was the only significant predictor (B = —-69,179; p = 0.014), while
bottom and surface temperature, mean gear depth, latitude, and number of hauls
were not statistically significant (p > 0.05). The bioeconomic model outcome
reveals a long-term decline of catch and CPUE trends, with historical lows
recorded in 2024. The model's estimated overall MSY was 132,832 tonnes with
an EMSY (Ecosystem-based Maximum Sustainable Yield) of 53,534 hours, while
MEY and EMEY (Ecosystem-based Maximum Economic Yield) were 125,413
tonnes and 38,188 hours, respectively. However, with the actual effort levels
exceeding these thresholds, the findings suggest potential overexploitation and
reduced economic efficiency. About 44% of the variance in catch by DF trawlers
were explained by the bottom temperature model (R* = 0.44, Adj. R? = 0.37,
p = 0.008). However, univariate relationships should be interpreted cautiously
and primarily as exploratory patterns. Spatially, higher CPUE clusters were
recorded between latitudes 24°S-28°S and at depths of 300-400 m. The
economic assessments from 2018 and 2023 showed negative profitability
when only hake revenue was considered, with breakeven prices increasing due
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to operational costs. However, profitability was attainable with the inclusion of
ancillary revenues such as by-catch sales and quota leasing. Our study identifies
the need to align fishing efforts with MEY to improve sustainability and economic
returns. Long-term resilience of the hake fishery under changing climate can be
achieved through stock rebuilding, adaptation to environmental variability, and
implementation of cost-effective strategies.
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bioeconomic analysis, hake (Merluccius capensis, Merluccius paradoxus), fishery,
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1 Introduction

Namibian economy depends heavily on fisheries, alongside mining
and agriculture, as a source of income, foreign exchange, and
employment (Chiripanhura and Teweldemedhin, 2016; Sherbourne,
2010). The fisheries sector is a significant source of employment, with
the hake industry (comprising Merluccius capensis and M. paradoxus)
alone providing jobs for approximately 18,000 people, including both
seagoing personnel and those involved in onshore processing (MFMR,
2023). Fish and fishery products contributed N$10 billion ($608.4
million) in export value and yielded 501,387 metric tonnes in 2020
(MEMR, 2021). In addition, the Namibian fishing industry, exports
about 75% of its seafood products to over 80 countries with Spain,
South Africa, and France being the three main consumers.

However, the contribution of the fishery industry to the
national gross domestic product (GDP) declined from 7.2% in
2003 to 3% in the first quarter of 2025 (Erasmus et al.,, 2021;
Kirchner, 2014; NSA, 2025). This decline is partly attributed to
reductions in the stocks of key commercial species, including hake
(Kirchner et al.,, 2012), sardine (De Oliveira et al., 2007), and horse
mackerel (Kirchner et al., 2010). Namibia’s marine ecosystems and
fish landings face growing threats from climate variability, fisheries
management programs, and increasing fishing costs (Engelhard
et al, 2024). These challenges impede the optimal economic
viability of the country’s fishery resources, including the
hake fishery.

Hake is one of the major species in the country, contributing to
approximately 7.4% of Namibia’s total estimated exports, with a
projected export value of USD 21.6 million in 2023 (Wilhelm et al.,
2015; WITS, 2024). The two most common hake species are (1)
cape or shallow-water hake (Merluccius capensis), found in shallow
water occurring at 200-meter isobaths, and (2) the deep-water hake
(Merluccius paradoxus), found in deeper water around 350-meter
isobaths (Forde et al, 2025; Jansen et al., 2015). Together, these
species accounted for approximately 38.8% of total landings in 2021
(MFMR, 2021). The latter is usually targeted by freezer trawlers
while the former is typically caught by wet-fish trawlers (Sumaila,
2004). Freezer trawlers which are > 70 m long are equipped to freeze
the catch onboard, while the wet-fish trawlers, generally about
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30-50 m long, do not freeze their catches at sea, but instead store
them on ice (Paterson, 2015).

The two hake species, however, are commonly managed as a
single species group, as their differences are still not well understood
(Kirchner et al,, 2012). Despite the hake sector being an essential
contributor to the Namibia’s blue economy, contributing
significantly to the national economic development, its economic
and ecological sustainability has recently been compromised. The
total catch and landing of these species has continued to decline
over the years. For example, the recent landings of hake has
declined from 150,219 metric tonnes in 2016 to 122,429 metric
tonnes in 2020 (MFMR, 2021). Hence, understanding the yield
trends over the last decades, the adaptive management programs,
effects of different environmental, and economic stressors are
critical for adaptive management and long-term policy planning.

In the early 2000s, the total allowable catch (TAC) was
deliberately reduced by the Ministry of Fisheries and Marine
Resources in what was called “Interim Management Procedures”
to ascertain the status of the species in the country’s territorial
waters, but this does not account for its recent decline in landings
(Butterworth and Geromont, 2001). The hake resource in Namibia
is believed to be significantly below the level necessary to achieve
maximum sustainable economic yield, which means that rebuilding
the resource could enhance the present value of the industry’s future
earnings (Elwen et al., 2025). However, the total allowable catch
(TAC) for the two species has frequently not been fully landed (in
14 out of 21 years since the country’s independence) (Kirchner and
Leiman, 2014), with the fishing companies continually requesting
for increased quotas. The TAC is divided annually between freezer
and wet-fish trawlers with each right-holder allocated an individual
quota share of the TAC (Neethling and Goedhals-Gerber, 2023).
Historically, approximately 60% of the TAC were often allocated to
the wet-fish trawlers, while 30-40% were allocated to the freezer
trawlers (Ithindi, 2003; Kirchner and Leiman, 2014). Other relieving
requests commonly sought are reducing quota fees, extending
payment schedules, or converting wet fish quotas to freezer
quotas, which are perceived by the industry as more profitable.

With Namibia considered as an arid country, the impact of
physical environment such as temperature could also be significant
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in the management of hake fisheries in the country. Studies have
identified various biological and ecological impacts of rising
temperatures in Namibian territorial waters (Engelhard et al.,
2024; Kainge, 2013). Namibia is one of the countries expected to
experience significant impacts from climate change on its marine
ecosystems and the fisheries resources across its territorial waters
(Engelhard et al., 2024; Kapuka and Hlasny, 2021). The country
borders the Benguela Current Large Marine Ecosystem (BCLME),
alongside Angola and South Africa. The current is characterized for
its high productivity and high environmental variability (Hutchings
et al.,, 2009). BCLME drives Benguela Nifio which occurs roughly at
decadal intervals and are known to cause intrusions of significant
warmness, low-oxygen, and nutrient-poor water from the north are
observed (Engelhard et al, 2024; Imbol Koungue et al, 2019).
Recent climate-induced changes in the region include warming sea
temperatures in the north, contrasting with cooling trends in the
south (Lima and Wethey, 2012). While studies such as Engelhard
et al. (2024) and Neethling and Goedhals-Gerber (2023) have
established the biological and market relationships of the hake
fishery with temperature changes, Gordoa et al. (2000) and
Macpherson et al. (1991) examined the relationship between hake
catches and bioeconomic factors in relation to temperature changes
in the 90s. However, while these studies identified the influences of
temperature changes on catch rates and other biological dynamics
in the hake fishery, their economic implications such as the
cascading effects of how the shifts affect the profitability,
operational sustainability, and adaptive capacity of different vessel
types and stakeholders — remain poorly understood. Aside from
temperature, other environmental factors such as gear depth and
latitude have also been identified to have significant influences on
catchability and distribution in the hake fishery (Kainge et al,
2015, 2017).

Johnsen and Tilende (2007) showed that diel differences in
CPUE varied with both latitude and depth, with CPUE around
noon being 3.6 times higher than at night. Similarly, Kainge et al.
(2015) and Kainge and Wieland (2017) found that temperature,
oxygen, and depth strongly influenced the structures of hake
distribution and size composition. While these studies highlighted
the ecological impacts of these variables, they did not investigate
their influence on fishing effort or economic performance. Since
climate change alters both temperature regimes spatial distribution
of hake, a more comprehensive understanding of how
environmental and operational factors influence fishery
performance can be achieved by integrating gear depth and
latitude into bioeconomic framework. Kirchner (2014) used a bio-
economic model to evaluate alternative management strategies for
Nambian’s hake fisheries, estimating current economic rent and
projecting future profits under different scenarios. The study found
that the hake industry’s revenue is strongly impacted by the
exchange rate [South African currency (ZAR) to Euro (€)], with a
strong Nambian dollar significantly reducing export income. High
labor and fuel costs, especially in the wet-fish sector, further strain
profitability due to inefficiencies and underutilized vessels. For
example, studies have reported that fuel costs are specifically
burdensome in the wet-fish sector, as trips tend to be shorter
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(~8-9 days) and the reliance on-board ice which increases labour
and fuel landed (Elwen et al., 2025; Kirchner, 2014). Hence, when
CPUE is low and catchability is reduced by environmental
conditions, vessel operators may choose to keep vessels idle to
avoid losses (Cooper and Jarre, 2017; Gordoa et al., 2000). Freezer
vessel operators face additional challenges from insufficient quotas,
often leasing at high costs, while non-operating quota holders profit
with minimal risk. The insufficient quota allocation is not
necessarily due to limited resource availability, but rather a
malignment between the allocated quota size and minimum
viable operating scale. For example, freezer vessels are known to
incur high fixed costs, and without sufficient quota to offset these,
they are compelled to lease additional quota, which may constitute
upto 20% of their total operational expenses (Kirchner and
Leiman, 2014).

While existing studies have focused narrowly on either
biological or economic factors solely to assess the various effects
on the hake fishery, there is currently no harmonization of the
interactions among these variables, and the integration of both will
enable a depth-structured approach to assess the dynamics and
economic performance of the hake sector in the country. Hence,
this study integrated bioeconomic modeling and environmental
indicators to introduce approach to effort and catch, enhancing
understanding of gear-ecosystem interactions in demersal fisheries.
Our study aims to: (1) evaluate the sustainability of the commercial
hake fishery (M. capensis and M. paradoxus) off the coast of
Namibia by identifying key economic reference points such as
Maximum Economic Yield (MEY), Maximum Sustainable Yield
(MSY), their corresponding effort levels, profits, and breakeven
points using a bioeconomic model across vessel types; (2) assess the
impact of surface and bottom temperature changes on the fisheries
of these two species, and its relationship with hake catches and
vessel types; and (3) investigate the impacts of gear depth and
fishing location on catch rates of hake species. The study provides
novel insights into climate-adaptive and effort-based management
by linking ecological variability with economic performance in the
Namibian hake fishery.

2 Materials and methods

2.1 Study area

Namibia’s Exclusive Economic Zone lies within the BCLME, a
highly productive ecosystem, characterized by wind-driven coastal
upwelling that supports high primary production and commercially
valuable fish stocks (Gallego et al., 2025; Sowman and Cardoso,
2010). The country’s 1,572 km coastline stretches along the hyper-
arid Namib Desert and the South Atlantic Ocean. The country has
two ports, Walvis Bay and Luderitz, where all fishing vessels dock
(Figure 1). The country is located in the southwest of Africa,
bordered by South Africa, Botswana, Zambia, Zimbabwe, and
Angola. The country has an area of 824, 296 square kilometers
with a population of about 3 million people (Namibia Statistics
Agency, 2023). The combination of the desert and typography of
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FIGURE 1

Map of Namibia's Exclusive Economic Zone (EEZ), provincial boundaries, major coastal fishing harbours, and inland towns. The EEZ is delineated by
the shaded light blue to indicate maritime jurisdiction. Administrative provinces are labeled with adjusted centroid placements, and key population
centers are shown with name labels and port symbols. The waterways (rivers and lakes) are also included to provide hydrological context.

the Namibian coastline such as the inhospitable arid land between
the desert and the sea has limited coastal settlement
(Manning, 1998).

2.2 Data sources

2.2.1 Secondary data source

The data used in this study, covering the period from 2000 to
2024, are secondary, and were provided by the Namibian Ministry
of Fisheries and Marine Resources (NMFMR). These data were
collected by its National Marine Information Research Centre
(Swakopmund, Namibia). Biological data such as catch, fishing
efforts (fishing durations in hours), gear depth, geolocation
(longitude and latitude), and the date of sampling (month and
year), were collected by trained captains onboard commercial
vessels harvesting hake. These captains, trained by Ministry
scientists, were instructed on biological data collection and
onboard sampling methods. The data are documented in
logbooks, which are cross-checked and signed by vessel captains
to verify all entries.

The hake data used constitutes the entire Namibian coastline
where commercial vessels trawl, mostly between latitudes 17° to
29°S, and longitudes 10° to 17°E at 300-500 m bottom depth
(Johnsen and Kathena, 2012). The biological and catch data
consisting of 274,653 observations were received in an Excel
format and were checked for errors before sorting and analyzing.
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The dataset includes two vessel types [freezer (DF) and wet-fish
trawlers (DW)], along with information on year, number of days at
sea, number and duration of tows, fishing depth, and catch weight
(converted from kilograms to tonnes for ease of interpretation). The
economic data, available only for the period from 2018 to 2023,
consist of aggregated income and expenditure records from 47
quota holders. These data were not categorized into the vessel types
(wet and freezer), but represent the total cashflow flow of Namibia’s
hake fishing industry. The expenditure included operational costs
such as salaries, fuel, consumables, fees and levies, acquisition of
raw materials, and professional fees, among others. The aggregated
annual revenue consisted of income from hake sales, by-catch sales,
vessel charter fees, and fees from other operators for the usage
of quota.

To ensure that relative contribution of each vessel was preserved
in the combined estimates, the data of catch, effort, and cost were
first standardized at the vessel level and subsequently aggregated
across fleets using weighted averages based on landings. This
approach helped in minimizing the risk of masking vessel-specific
characteristics, which could occur with simple pooling (Kirchner
and Leiman, 2014; Kirchner, 2014).

2.3 Models

To investigate economic and environmental sustainability of
Namibia’s commercial hake fishery, (1) We assessed the

frontiersin.org


https://doi.org/10.3389/fmars.2025.1688036
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Nalukaku et al.

sustainability of hake harvesting level by comparing the stock of
hake through catches with the obtainable maximum yield
(biological overfishing); and (2) the effect of the rate of increase
of fishing effort on profits or resource rent and their maximization
(economic overfishing). To provide essential values regarding long-
term sustainability, Maximum Sustainable Yield (MSY), Maximum
Economic Yield (MEY), and their corresponding effort levels were
determined. This will help evaluate whether the current state of the
hake fishery in the country’s territorial waters aligns with these
reference points.

Furthermore, we employed Gordon-Schaefer model to integrate
the biological and economic aspects of the hake fishery (Habib et al.,
2014). This model considers fish stock dynamics, harvest levels, and
fishing effort to provide holistic recommendations and insights for
optimal, biologically and economically sustainable fishery
management. According to Flaaten et al. (2017), the bioeconomic
model is particularly useful for determining the long-term
sustainable yield of a fishery. For this study, a single species
bioeconomic model was used to focus specifically on the
hake fishery.

2.3.1 Biological models

It is assumed that the overall hake stock follows a logistic
growth curve. Flaaten and Mjolhus (2010), described the use of
static Gordon Schaefer model in a theoretically manner as follows:

F(X) = rX(1 —%) (1)

Where F(X) is the biomass growth per unit of time (natural
growth), X is stock size, K is the carrying capacity, and r is the
intrinsic growth rate of fish.

The Schaefer catch equation is referred to as the short-run
harvest function and it is contingent on the level of the stock size
and the effort, as shown below.

H (E, X) = qEX )

where H is catch measured in terms of biomass and fishing
effort, and q is a constant catchability coefficient, while E is
fishing effort.

When the rate of fishing is equal to the rate of natural stock
growth, then the population will be at equilibrium, i.e., % =
F(X)-H(E,X) =0. This means qEX = rX(l—%) based on
Equations 1, 3. This gives us the biomass at equilibrium, solved to be:

X = K(l—%) (3)

Inserting Equation 3 into Equation 2 results in the long-term
harvest function.

ZKEZ
H= gkE-3 : (4)
Hence;
H = aE - bE? (5)

q2K
r

where a=qK and b=
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The long-run equilibrium harvest levels will increase with the
level of effort until the maximum sustainable yield and after the
MSY point, the harvest will start to decline despite the increase
in effort.

Given the assumption of equilibrium harvesting, time series of
catch and effort data will enable the estimation of a and b in
Equation 5 by linear regression of the CPUE on effort (Berachi,
2003). To derive the catch per unit effort (CPUE), Equation 4 was
divided by effort. CPUE measures the amount of harvested fish
either in tons, kilograms or pounds in relation to the number of
vessels (effort), number of fishing days or trawl hours at sea
(Equation 6).

Therefore, CPUE = %

q’KE
CPUE = gK -~ = (6)

To account for potential non-linear responses of hake landings
to temperature changes, we explored quadratic terms in the
regression models. In addition, temperature can exhibit an
optimal range for target species, influencing catch of fish landings
due to physiological stress, prey availability, or other environmental
constraints. This approach has been applied in studies such as
Fiorella et al. (2021) and Mediodia et al. (2023; 2024).

To investigate a combined effect of different predictors, we
employed a multivariate ordinary squares (OLS) regression using
annual aggregates (2000-2024). The total annual catch was the
response variable, while predictors included average bottom and
surface temperatures, mean gear depth, mean trawling latitude,
mean haul duration, and average number of hauls. We fitted all
models on complete cases with an intercept term; outcomes were
reported as coefficient estimates with standard errors, t-statistics,
p-values, and 95% confidence intervals, alongside model fit statistics
(R? adjusted R? F, and model p).

2.3.1.1 Quota constraints

To evaluate quota constraint, realized catch was defined as the
minimum of predicted catch and observed landings by vessel types
(DE/DW). Observed landings were used as a proxy for allocated
quotas, ensuring harvests did not exceed quota limits. In sensitivity
tests, quota caps were varied by +10% and conclusions
were unaffected.

2.3.2 Economic models

Munro (1982) explained the connection between economic and
biological models of fisheries, emphasizing that the usefulness of
any economic model is rooted in the biological dynamics of the
fishery. The bioeconomic model integrates harvest functions with
revenue and cost components to evaluate the economic
performance of the fishery, allowing for the estimation of optimal
effort levels that maximize net returns, rather than focusing solely
on harvest inputs.

The unit price of the harvest and the unit cost of fishing effort
will be assumed constant and used to define the total sustainable
revenue (Equation 7). The total revenue at equilibrium is as follows:
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TR(E) = p * H(E) (7)

Where p is the average price per ton of fish.

Assuming a constant cost per unit effort and also assuming the
relationship between cost and effort to be linear (Equation 8), then
the total cost of fishing effort is given by:

TC(E) = c*E (8)

Where c is the unit cost of fishing effort which is a combination
of opportunity cost of labour, fuel, food and provision, vessel
supplies and crew costs.

The total economic rent (profit) of the fishery is the difference
between the total revenue and the total cost (Equation 9). The
sustainable economic rent will be:

7(E) = TR (E) — TC (E) ©)

Under open access to the fishery, total fishing costs are equal to
total revenues. Le. if there is no limitation of access, effort will enter
until all profits are dissipated (Check Equation 10). Using the
Gordon Schaefer’s model, the open access effort can be derived by
equating TC (E)=TR (E) which yields:

=—F (10)

Given that the fishery is considered to be well-managed, this
equation in not applicable because of the non-open access program
of the hake fishery under consideration.

The maximum sustainable economic yield is obtained for
sustainable catch realized at efforts lower than the Eg,y (Clark,
1973), or more specifically when the difference between revenue and
costs are maximized.

Using the total economic rent equation (E) = TR (E) — TC (E),
the effort at maximum economic yield (EMEY) occurred where
marginal revenue equals marginal cost (Equation 11), maximizing
economic rent, as shown below:

dTl d1c
EMEY . ﬂ'(E) =0 or 7;15}5) = dIc (B)

dE

(11
(a=5)
So, By =
Linear regression of the catch per unit effort on effort can be
used to estimate parameters a and b, since the catch and effort data
for the Namibian hake fishery are available. Therefore, effort at
maximum sustainable yield (EMSY) can be estimated by taking the
partial derivatives of harvest (H) with respect to Effort (E) and
setting it equal to zero as (Equation 12):
dH a

- = — = = -
g =4 2DE=0=EMSY =, (12)

And therefore, the output at MSY (Maximum Sustainable
Yield) is (Equation 13):

[12

MSY = (13)

However, while the assumption of constant values of costs and
prices allow for comparisons of EMSY and EMEY across the study
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period, it does not fully capture temporal changes in fuel prices,
quota costs, or market values which had substantially varied in the
last few years.

3 Result

3.1 Historical trends in effort, catch, and
CPUE

The 23-year dataset obtained from NMFMR was validated, and
the units were standardized to analyze trends in fishing effort, total
catch, and CPUE, establishing baseline indicators of fishery
performance before applying the bioeconomic model.

Total catch fluctuated considerably across the study period. The
catch of the wet-fish trawlers (DW) decreased from 2000, reaching a
low of 2,074 tonnes in 2003, before steadily increasing to a peak of
91,862 tonnes in 2010 (Figure 2A). Their catches fluctuated from
2014 to 2022 followed by a sharp decline to 47,937 tonnes in 2024.
In contrast, the catches of freezer trawlers showed a consistent
downward trend, declining from a peak of 71,759 tonnes in 2003, to
alow of 29,526 tonnes in 2024. The decline of the catches from 2000
to 2003 especially by the DW trawlers could reflect TAC reductions
and management programs introduced during this period, followed
by a sharp increase as quotas were relaxed.

We assessed the historical fishing effort for both DF and DW,
overlaid with estimated EMSY and EMEY as bioeconomic reference
points, for the period between 2000 and 2024 (Figure 2B). In the
early 2000s, the effort was consistently above EMEY (13,072 hours)
and the EMSY (22,514 hours) in the DF trawlers (Figure 2B).
However, it was marked by a sharp decline in 2005, reaching a low
of 7,903 hours in 2011. Despite increasing to 11,356 hours in 2012,
it remained below EMEY and EMSY until 2021 when it reached
13,409 hours. It continues to increase, reaching 35,000 hours in
2024. In contrast, in the DW hake fishing history, the effort hours
sharply declined from 41,588 hours in 2000 to 1,451 hours in 2003.
It however sharply increases from 2004, reaching 44,054 hours in
2007, from where it began to decline again, reaching 18,942 in 2011.
Between 2013 and 2021, effort remained below the EMSY (37,655
hours) and EMEY (25,438 hours). Overall, the fishing efforts of both
DF and DW trawlers fluctuated markedly over the study period,
frequently exceeding the thresholds of EMSY and EMEY, which
indicates sustained fishing pressure above the bioeconomic
reference points.

3.2 Fishing effort and catch per unit effort -
CPUE

CPUE, expressed in tonnes per hour, was used as a proxy for
fishing efficiency and relative stock abundance. A linear regression
of CPUE against total annual fishing effort revealed a significant
negative relationship (R* = 0.50, p < 0.05), consistent with
diminishing returns under increased fishing pressure. In other
words, as trawling effort increased, the average catch per hour
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(A) Annual total hake catch (tonnes) in Namibia's fishery by freezer and wet-fish trawlers from 2000 to 2024. (B) Annual fishing effort (hours) in
Namibia's hake fishery from 2000 to 2024. The horizontal dashed line represents the bioeconomic reference point for effort at Maximum Economic
Yield (EMEY, orange), while the dotted line represents effort at Ecosystem-based Maximum Sustainable Yield (EMSY, purple). (C) Annual trends of
Catch per unit effort (CPUE) for freezer and wet-fish trawlers in hake fishery between 2000 and 2024.

declined, suggesting either declining hake stock productivity or
reduced catchability over time.

We assessed the relationship between CPUE and fishing effort
across the two vessel types (Figure 3). In the DW dataset, we
observed a significant negative relationship between fishing effort
and CPUE (R* = 0.2, p = 0.029), indicating that higher fishing effort
was associated with lower CPUE. A similar trend was also observed
for DF trawlers; however, the relationship was weaker and
statistically non-significant (R*> = 0.04, p = 0.358). Overall, the
significant decline of CPUE with increasing effort observed in DW
trawlers, but not in DF trawlers indicates contrasting responses in
catch efficiency between the two vessel types, possibly reflecting
differences in the fishing strategies or sensitivity to stock abundance
under varying fishing pressure. In addition, the sharp decline in
efforts and catch in recent years likely reflects a combination of
factors such as reduced stock productivity, lower catchability under
unfavourable environmental conditions, and economic pressures
on the fishing vessels.
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3.3 Bioeconomic reference points and
fishery performance

To assess the biological and economic performance of
Namibia’s hake fishery, we applied the Gordon-Schaefer
bioeconomic model using vessel-specific effort and catch data.
The model estimates key reference points under equilibrium
conditions, including Maximum Sustainable Yield (MSY) and
Maximum Economic Yield (MEY), separately for freezer (DF)
trawlers, wet-fish (DW) trawlers, and the overall fleet.

These biological reference points are presented in Table 1. The
estimated effort to achieve MSY (EMSY) was 22,009 hours for DF
vessels and 38,882 hours for DW vessels. The corresponding
maximum yields were 53,600 tonnes and 85,971 tonnes for DF
and DW trawlers respectively. On the other hand, the overall EMSY
was 53,534 hours with a corresponding MSY of 132,832 tonnes.
EMEY were consistently lower across both vessel categories. The
EMEY was 12,494 hours for DF vessels, 25,427 hours for DW
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FIGURE 3

A regression plot showing the relationship between fishing effort (hours) and catch per unit effort (CPUE, in tonnes per hour) in Namibia's hake
fishery between year 2000 and 2024. The blue dashed line represents fitted linear regression for the wet-fish trawlers (DW) while the orange dashed

line represent the one for the freezer trawlers. The shaded region shows

vessels, and 38,188 hours for the combined fleet. The stock levels at
MEY was slightly lower than those at MSY, with values of 47,666
tonnes for DF, 79,907 tonnes for DW, and 125,413 tonnes for the
overall fleet. The mismatch between DF effort and catch could be
associated with a lagged stock response to reduced fishing pressure,
with possible compensation by increased DW activity favourable
environmental conditions.

3.3.1 Economic performance

Economic performance was evaluated under two revenue
scenarios: (i) hake-only income, and (ii) hake plus ancillary
income (including bycatch revenue, charter fees, and quota
leasing), using reported income and cost data for the years 2018
to 2023. It is essential to state that bycatch are regulated by MFMR,
and operators are subject to pay bycatch fees designed to prevent
targeting valuable species such as Monkfish (Lophius vomerinus)
and Kingklip (Genypterus capensis) while avoiding incentives for
discarding (Kirchner and Leiman, 2014).

In the hake-only scenario, the fishery operated at a net loss
during the period examined, with maximum profit recorded at -N
$186.9 million (=-~USD 12.9 million), despite effort reaching 37,650
hours (Figure 4). In contrast, the hake + ancillary income scenario

TABLE 1 Estimated biological and economic reference points for
Namibia’s hake fishery based on the Gordon-Schaefer bioeconomic
model.

Vessel EMSY EMEY MSY MEY
type (hours) (hours) (tonnes)  (tonnes)
DF 22,009 ‘ 12,494 53,600 47,666
DW 38,882 ‘ 25,427 85,971 79,907
Overall 53,534 ‘ 38,188 132,832 125413

Frontiers in Marine Science

95% confidence interval.

yielded a positive maximum profit of N$532.5 million (=USD 36.7
million) at the same effort level. Maximum catch were recorded at
approximately 35,937 hours of effort in both scenarios, which fell
below the overall EMSY (53, 534 hour).

Furthermore, using breakeven price model, we assessed the
margin between profit and the status quo between 2018 and 2023
(Figure 5). A significant increase in the breakeven price was
observed between 2019 and 2020, rising from USD 9,956 per
tonne in 2019 to USD 13,710 per tonne in 2020. This period
corresponded with a substantial increase in the total variable
costs, which increased to USD 297,587,399 in 2020 from USD
229,835,916 in 2019. In 2020, expenses on consumables accounted
for 20% of the total variable costs, compared to 6.8%, 7.9%, and
9.8% recorded in 2018, 2019, and 2021, respectively (Supplementary
Table S1). Other significant cost components contributing to the
total average expenditure are salaries (26.8%), overheads (10%), fuel
(9.6%), repairs and insurance (4.2%), raw materials (6.7%),
packaging materials (4.3%), interest and paid payables (2.5%),
and other costs (14.7%). The increase in operational cost between
2019 and 2020 was mainly driven by higher cost of consumables,
which could be attributed to COVID-19 pandemics impacts. It
further significantly raised the breakeven price during this period
and contributed to negative returns.

Using regression-derived biological parameters a = 4.6467 and
b = 0.000069, we computed the Gordon-Schaefer bioeconomic
model for the overall catch detail. We established the unit cost of
fishing effort (c) using cost and income data available between 2018
to 2022. The total operational cost was divided by total fishing
hours, giving:

_ N$24,694,247,964.37
T 293,075.2167 hrs

= N$84,259/hr (USD5, 811 /hr)

Converting to USD, an average exchange rate for the economic
data period (2018-2023) was used (World Bank, 2025).

08 frontiersin.org


https://doi.org/10.3389/fmars.2025.1688036
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Nalukaku et al. 10.3389/fmars.2025.1688036

Hake + Ancillary Revenue Hake Revenue Only
3e+08 ' ! 1 '
\EMEY  |EMSY IEMEY  JEMSY
| :
1 1
1 1
1
1
1 1
2e+08 N [
AN
N -
a ' S==7 ! Metri
, . , etric
m I 1 1
=2 . . , ; = Cost
N
g : X X X = Profit
w© 1e+08 ! ! ! ! =— Revenue
= | : : !
I 1 1 1
I 1 1 1
I 1 1 1
1 1 1 1
1 1 1 1
pmm T TS =l | !
1 1
0e+00 : X X .
! ! ! -
1 1 = 1 e e,
I 1 1 1
L 1

30000 40000 50000 60000 70000 80000 30000 40000 50000 60000 70000 80000
Effort (Hours)

FIGURE 4

Economic overview of the Namibian hake fishery under varying fishing effort scenarios between 2018 and 2023. The plots show predicted annual
total revenue (blue solid line), total average annual expenditure (red dashed line), and annual net-return/profit (green dot-dash line) as a function of
fishing effort (hours per period) based on two revenue categories: (left) Hake + Ancillary Revenue including income from by-catch, vessel charters,
and quota fees; and (right) Hake revenue Only. Vertical dashed lines indicate reference points: EMSY (Effort at Maximum Sustainable Yield) in purple,
and EMEY (Effort at Maximum Economic Yield) in orange.
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FIGURE 5

Breakeven price per tonne of hake in USD for the years 2018-2023, based on operational costs and catch volumes from Namibian hake fisheries.
The solid blue line represents the annual break-even price trend, while the dashed red line shows a fitted second-degree polynomial trend. The
increase in break-even price over time highlights rising costs or reduced catch, reinforcing economic vulnerability in the absence of supplementary
income sources such as by-catch or quota fees.
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3.4 Variations in the mean surface and
bottom temperature between 2000 and
2023

Significant variations were recorded in both the sea surface
temperature (SST) and the bottom temperature over the last two
decades (Supplementary Figure S1). The annual mean surface
temperature ranged from 17.1°C in 2022 to a maximum of 19.8°C
in 2009. On the other hand, the highest mean bottom temperature
(12.4°C) was recorded in 2003, while the lowest mean temperature
(8.84°C) occurred in 2002. Both the surface and bottom
temperature layers experienced their lowest temperatures in the
year 2002. In the bottom temperature layer, the locally estimated
scatterplot smoothing (LOESS) trend showed that after reaching a
peak of 12.4°C in 2003, the mean temperature declined steadily
until 2010, after which it began to stabilize.

To further contextualize these temperature shifts, we calculated the
anomalies of annual sea surface temperature anomalies by comparing
each year’s mean SST to the long-term (2000-2023) average. As shown
in Figure 6, anomalies ranged from -1.54°C to +1.2°C, illustrating
pronounced departures from the climatological baseline.

The highest positive anomaly was recorded in 2009 (+1.2°C),
followed by 2022 (+1.1°C). Other years with positive anomalies
include 2000 (+0.7°C), 2005 (+0.3°C), 2007 (+0.7°C), 2011 (+0.8°C),
2014 (+0.2°C), 2015 (+0.5°C), 2016 (+0.4°C), 2020 (+0.4°C), and 2023
(+0.4°C). In contrast, the highest negative anomaly occurred in 2002
(-1.5°C), followed by 2004 (-1.4°C). Additional years with negative

10.3389/fmars.2025.1688036

anomalies include 2003 (-0.2°C), 2006 (-0.03°C), 2008 (-1.2°C), 2010
(-0.4°C), 2012 (-0.06°C), 2013 (-0.7°C), 2018 (-0.3°C), and 2021 (-0.6°C).

3.5 Does temperature anomalies over the
years influences the catches over time

As temperature is known to have an optimal range for target
species, beyond which catch may decline due to physiological stress,
reduced survival of prey or other environmental constraints, hence,
we investigated the effects of fluctuating annual temperature on
annual hake catches, analysing the effects of quadratic relationships
between annual hake catches and average annual sea surface and
bottom temperature from 2000 and 2023 (Figures 7A, B). Similar
relationships have been spotted in existing studies on other demersal
species (Fiorella et al., 2021; Mediodia et al., 2023, 2024). For the DF
trawlers, the variations of the surface temperature only explained
little variation (R* = 0.25, Adj. R* = 0.17, F = 2.98, p = 0.076).
Individually, both the linear (B = -3.28 x 10, p = 0.035) and
quadratic terms (B = 2.92 x 107, p = 0.043) were statistically
significant, however, the overall model was not statistically
significant at o = 0.05 (Figure 7B). In contrast, in the case of the
DW trawlers, there was no significant effects of the temperature on
the total annual catch (R* = 0.19, p = 0.147). In addition, both the
linear and quadratic terms was significant at o. = 0.05.

On the other hand, the bottom temperature models showed
significant effects on the annual catches of both trawlers. For the DF

Annual Surface Temperature Anomalies (2000-2023)

Anomaly (°C)

2000 2005 2010

FIGURE 6

.|"._|I||l_|. th

2015 2020

Year

Annual sea surface temperature (SST) anomalies from 2018 to 2023 for the fishing zones for Hake from 2000 to 2023. The positive anomalies (blue
bars) at the upper side indicate warmer-than-average years, which is above the long-term mean, while negative anomalies (red bars) at the lower
part indicate cooler-than-average conditions. The long-term-mean temperature is denoted by the dashed black lines.
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FIGURE 7

A relationship between the annual catches (tonnes) of Hake fishery and average annual surface and bottom temperatures from 2000 to 2023 for
freezer (DF; A) and wet-fish (DW; B) trawlers. The dashed blue lines represent fitted quadratic regression models for surface temperature, while the
dashed green lines represent that for bottom temperature. The shaped areas show the 95% confidence intervals. The R2 presented in each model
shows the magnitude or proportion of variance in the CPUE that was explained by changes in the surface and bottom temperature.

trawlers, 44% of the variance in catch were explained by the bottom
temperature model (R* = 0.44, Adj. R* = 0.37, F = 6.58, p = 0.008)
(Figure 7A) While the intercept was statistically significant
(B = 14.67, p = 0.001), both the linear (p = 0.154) and the
quadratic terms (p = 0.081) were not individually significant.
Similarly, bottom temperature also showed a significant quadratic
relationship with catch (R* = 0.35, Adj. R* = 0.27, F = 4.56,
p = 0.026). Additionally, while the intercept was highly significant
(B = 12.30, p < 0.001), neither the linear nor the quadratic terms

Frontiers in Marine Science

were significant individually at o = 0.05. These analyses indicate
more significant effects and influence of bottom temperature on
annual hake catches compared to the surface temperature. A full
regression output has been provided in Supplementary Table S3 of
the Supplementary Material.

While visual overlaps in peaks and troughs between CPUE and
bottom or surface temperatures are evident in Figure 8, these
patterns should only be regarded as descriptive rather than
indicative of statistical relationships. The formal statistical
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The annual trends of catch per unit effort (CPUE, tonnes/hour), the sea surface temperature and bottom temperature for Hake fishery between
2000 and 2023 in Nambian waters. The dashed lines show LOESS-smoothed trends, and the solid lines represent the observed values.

assessment capturing full quadratic regression models to explore
the relationship between catch and temperature is summarized in
Supplementary Table S3 of the Supplementary Material.

3.6 Spatial variation of hake CPUE at
different depths along with the country’s
exclusive economic zone

The relationship between hake catches and gear depth over the
23-year period was weak and statistically non-significant
(DE: R? = 0.04, p = 0.322; DW: R* = 0.035, p = 0.364; Figure 9).

However, the descriptive distribution patterns showed that about
69% of the total catch were obtained at a depth ranging from
300-400m. The remaining 31% were obtained at a depth range of
400-500m (Supplementary Figures S2A, B). The dominant depth
range varied between years with the vessel types. For example, 81%
of DW catches were recorded at 300-400m, compared with 51% for
DF trawlers in the same range.

We also investigated the spatial distribution of CPUE across
Namibia’s EEZ over a recent three-year period (Figure 10). The
results show consistent latitudinal patterns, with CPUE consistently
concentrated along the central to southern coastal zones, specifically
between 24°S and 28°S off Walvis Bay and Liideritz. DW trawlers
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FIGURE 9

Regression plot showing the relationship between fishing gear depth (m) and average catches (tonnes) on hake species in Nambian water between
the year 2000 and 2024. The blue and red lines represent fitted linear regressions for freezer (DF) and wet-fish trawlers (DW), respectively. The

shaded areas indicates a 95% confidence interval.
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Spatial distribution of Catch Per Unit Effort (CPUE, kg/hr) along the Namibian Exclusive Economic Zone (EEZ) for freezer (DF) and wet-fish (DW)
trawlers from 2021 to 2024. CPUE values are represented by point size and color intensity, with larger, darker markers indicating higher fishing
efficiency. The EEZ boundary is shown in light blue, and the Namibian coastline is shaded grey.

displayed a slightly broader distribution, with occasional northward
extensions to 22°S-24°S in some years. In contrast, DF trawlers
were majorly clustered around 26°S-28°S near the central
Namibian shelf.

3.6.1 Multivariate analysis of catch variability

The multivariate OLS model showed that the combined
predictors (temperature, latitude, gear depth, mean haul duration,
and number of hauls) explained a moderate share of annual catch
variability (R* = 0.59; adj. R? = 0.40; F = 3.09; model p = 0.042)
(Supplementary Table S4). Mean haul duration had a significant
negative impact on total catch (B = -69,179; p = 0.014). In contrast,
bottom and surface temperature, mean gear depth, latitude, and
number of hauls were not statistically significant (p > 0.05). These
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results suggest that while environmental and operational factors
jointly explain a moderate proportion of the variability in hake
catch, only mean haul duration emerged as a significant predictor.
This finding suggests that operational practices, rather than
environmental drivers alone, may play an immediate role in
shaping interannual variability of catch levels.

3.6.2 Quota constraint validation

The incorporated quota constraint ensured that realized hake
catches did not exceed the allocated quotas across the two vessel
types. Similarly, across all study years, there was no significant
differences between observed landings for either vessel types
(Supplementary Figure S2; Supplementary Material). In addition,
the sensitivity analysis showed that there was no material change in
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the economic outcomes when quota caps were varied by +10%,
indicating that quota-constrained model remains consistent with
observed data and robust enough for moderate variations.

4 Discussion

Studies have highlighted the significant role of hake fisheries in
various national economies and the potential impact of climate
change on hake ecosystems and associated fishing livelihoods
(Engelhard et al., 2024). However, there are limited knowledge
base regarding the specificity of ecological dynamics of hake stocks
and the socio-economic vulnerabilities affecting the associated
fishing communities. In the current study, we explored the trends
in sea surface and bottom temperatures, gear depth, and trawling
location on catch rates of two hake species in Namibian waters from
2000 and 2023. The present study identified the relationship
between the temperature anomalies and the catch over the
explored period, and the eftects of depths and location of trawling
on catch rates. In addition, we assessed the profitability of the
industry over the period from 2018 to 2023.

4.1 Trends in hake catches and sea
temperature change between 2000 and
2023

The present study identified the fluctuated declination of hake
catches and CPUE, especially in freezer trawlers, with a yearly
average of 43,623 tonnes and 3.58 tonnes per hour, respectively. The
2011-2012 spike in hake biomass observed in freezer and wet-fish
trawlers coincided with a Benguela Nifo, which may have caused a
change in distribution that led to increased catch (Bahamon et al.,
2022). Similarly, the 2016 Benguela Nifio likely influenced the depth
and location of hake, contributing to the residual increase in catch
observed in 2017.

The declination observed from 2013 in both vessel types could
be associated with fluctuations in stock abundance and recruitment,
common in upwelling systems like the Benguela current, where
environmental variability affect recruitment success and catchability
(Kathena et al., 2016; Paterson and Kainge, 2014). For instance, the
spawning stock of M. capensis, declined from 1.4 million tonnes in
2008 to about 600, 000 tonnes in 2012 (Kathena et al., 2016). In
addition, the recovery phase marked by a surge in catch could be
due to stock rebuilding and possible improvements in fleet
efficiency or targeting behaviour. Our study found a minimal and
non-significant relationship between the surface temperature and
annual average catch volumes. Macpherson et al. (1991) and Kainge
and Wieland (2017) reported significant positive relationship
between hake biomass and sea surface temperature. In contrast,
bottom temperature in the present study had opposing effects on
catch volume from DW and DF. In the latter, the regression showed
a positive significant relationship, explaining 44% variability in the
data, and indicating that DF catches increased with increasing
bottom temperature. On the other hand, for DW trawlers, the
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relationship was significantly negative, indicating that at lower
catch levels (<20,000 tonnes), bottom temperatures were relatively
high (~8.8-12.4°C). However, univariate regression is not sufficient
to capture the impact of single variables on catch variability. Our
multivariate model revealed that operational practices, particularly
average haul duration, were influential, with longer hauls associated
with reduced total hake catch. This result aligns with findings from
related trawl fisheries, where extended towing times can lower
CPUE due to diminishing returns, net saturation, and reduced
fish quality (Kirchner and Leiman, 2014; Paterson and Kainge,
2014). Although, there was no statistical significance for bottom and
surface temperature, depth, and latitude in the multivariate model,
this does not negate their ecological importance. It rather highlights
the substantial influence of vessel operations on short-term catch
outcomes. Hence, the contrasting bottom-temperature-catch
relationship among the vessel types may be associated with
differences in fishing strategies, depth preferences, and hake
distribution. For instance, under extreme warm conditions, such
as during the Benguela Nifio event in 2011, Cape hake were
recorded to move to deeper waters with bottom temperatures
around 11°C, which may favour DF at this time period (Bahamon
et al., 2022). Despite these spatial shifts, the biomass remained
resilient and within historical ranges, suggesting that the species
adapts to maintain favourable environmental conditions.

Gordoa et al. (2000) investigated hake catch and sea temperature
variability between 1994 and 1996 and recorded a clear seasonal
fluctuation (every 3 months) in catch patterns. Authors reported a
strong correlation between SST and CPUE, attributing SST
anomalies recorded in 1997 to sustained upwelling and lack of
warm water intrusion, disrupting the seasonal cycle. On the other
hand, Voges et al. (2005) employed Ideal Free Distribution (IFD)
theory to effort allocation in the Namibian hake fishery, highlighting
spatial CPUE variation between the two main hake species, with
values ranging from 1 to 6 tonnes per hour during the 1994-1999
period. The catch rates and bioeconomic of hakes differs across
regions. In the South African offshore hake trawl analysis, an average
CPUE of 0.724 tonnes per hour was recorded in 2013 (Cooper and
Jarre, 2017). In contrast, the present study estimated a CPUE
between 2.9 and 4.4 tonnes per hour for the same year, indicating
higher catches per hour in Namibia compared to South Africa. In
the mediterranean, the CPUE of hake fishery varies depending on
the fishing method, with trawlers recording an average 0.17 tonnes
per hour (based on 435.1 tonnes and 2560 trawling hours per year),
and longliners recording an average of 0.058 tonnes per hour (from
126.1 tonnes over 2160 trawling hours per year) (Lleonart et al,
2003). However, comparisons of catch rates across regions must
consider factors such as time periods, environmental variability, and
differences in management programs.

While our models identified relationships between hake catches
and temperature variations, a major limitation in the present study
is that temperature was the single environmental explanatory
variable included in the model. Other environmental factors such
as salinity, wind speed and dissolved oxygen, as well as operational
drivers such as fishing effort, location, and gear depth are well
reported to have significant influence on hake distribution and
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catchability (Engelhard et al., 2024; Gallego et al., 2025; Gordoa
et al., 2000; Kainge and Wieland, 2017). However, the long-term
consistent datasets for these additional variables were not available
across the study period. Hence, this result should therefore be
interpreted with caution. Future studies should adopt a multi-
variable approach that enable a more holistic exploration of the
combined effects of environmental and operational factors on hake
catch dynamics.

4.1.1 Variations in catches and efforts across
vessel types

The present study showed a significant positive correlation
between annual CPUE and fishing efforts for DW vessels, while
the relationship was weaker and not statistically significant for DF
vessels. The non-significant result in the latter may be associated
with high variability in spatial targeting, depth distribution, and
environmental influences on hake availability. For example, DF
vessels operate over broader ranges, which can weaken the direct
coupling between CPUE and effort (Johnsen and Tilende, 2007;
Kainge and Wieland, 2017). Hence, variability in the data may have
masked statistical significance despite existing effort-stock
dynamics. In contrast, Gordoa et al. (2000) reported a significant
negative correlation between CPUE and fishing efforts using a data
from 1994 to 1997 (r = 0.72, p < 0.001). However, authors did not
find significant monthly correlations between CPUE and effort at
the stratum level across the four years analyzed. The discrepancy
between these studies may be associated with the differences in the
length of time series data, hake distributions during the respective
periods, or the management programs in place.

Our study showed that the sharp decline in DF effort during the
mid-period (between 2008 and 2021) was not accompanied by a
similar reduction in overall catch levels, which contrasted with DW
fleets, where the trawlers activities increased along with the landings
during the same period. The mismatch could be associated with
several interacting ecological and management dynamics. First, it
could be attributed to a biological lag between reduced fishing
pressure and visible recovery of hake stocks, which may be due to
slow growth and delayed maturation characteristics of hake species
(Kathena et al., 2016). Hence, even when effort was reduced, the
biomass rebuild may not been immediately reflected in catch
volumes. In addition, due to high variable ecosystems such as in
BCLME, stock biomass may not respond promptly to instant
changes in exploitation due to environmental variability
(Engelhard et al., 2024). Another possible explanation for the
stable catch levels is increased or more efficient fishing by DW
vessels, which often target overlapping stocks. Although, both
vessels are generally known to differ in target depth and range of
operations, but there are reports that quota allocations and
operational behaviour enables fleet substitutions (Kirchner and
Leiman, 2014).

The sharp decline of effort and landings observed in recent years
(2023-2024) across the vessel types may be explained by reduced
stock productivity, as also acknowledged in a recent NSA report
(2025). For example, the total hake landings decreased from 45,159
metric tonnes reported in the first quarter of 2024 to 26,165 metric
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tonnes in the fourth quarter, accounting for a 42% reduction. This
reduced productivity may partly reflect the declining spawning of
M. capensis reported by Paterson and Kainge (2014). Additionally,
factors such as oxygen depletion, temperature anomalies,
environmental seasonality, and diel behavioural changes may
have also contributed to low CPUE independently of stock size
(Gordoa et al,, 2000; Kainge and Wieland, 2017).Operational
constraints such as rising fuel prices and quota costs, may also
have contributed to the observed reduction of the fishing efforts and
landings (Cooper and Jarre, 2017).

4.2 The bioeconomic analysis on hake
fisheries

The present study found that, based on catch revenue and cost
analysis, livelihoods in the hake fishery were not profitable during the
four-year period from 2018 to 2023 when relying solely on hake
revenue. Profitability was only achieved when additional income
sources—such as by-catch sales and quota fees—were included.
Between 2007 and 2009, the hake (only) industry of Namibia was
reported to be highly profitable with an annual profit of N$80 million,
which only account for 36% of the potential normal profit (Kirchner,
2014). Despite the study suggesting that with less risks, the hake
industry in the country would experience higher returns, the result
from the present study has shown that the industry was unprofitable
between 2017 and 2021. The lack of higher returns could be attributed
to the declines in the catch of the fish species from 2009 and the years
selected in the present study (2017-2021). Additionally, it is likely that
the allocation of 70% of the hake TAC to wet-fish trawlers, aimed at
supporting and securing employment, reduces overall profitability,
since freezer trawlers, with only 30% of the TAC, appear to be more
profitable under current operating costs. Given that wet-fish operations
are more affected by fuel prices and longer travel distances to fishing
grounds, this might be a reason for the reduced profitability, and unless
the wet-fish sector becomes more competitive, its economic efficiency
could remain limited (Kirchner and Leiman, 2014).

In other regions where Hake fishing is being practiced, profits
are being recorded. In the Gulf of California, a low but positive
profit of Pacific hake fishery was achieved with a profitability of
5.19% and a benefit-to-cost ratio of 1.05 (Ramirez-Rodriguez,
2017). Authors suggested that profit could be increased in the
future if the catches were to rise from 72 metric tonnes to 90 or
100 metric tonnes. In contrast, in South African hake fishery,
profitability decreases in the hake fishing industry due to factors
such as high fuel prices, low CPUE, and high environmental
variability (Cooper and Jarre, 2017). In summary, the integration
of economic and biological thresholds emphasizes the need for
fisheries policy to go beyond sustainability alone. Given the sharp
decline in profits beyond EMSY, aligning management with EMEY
recorded in the present study, could boost profitability without
compromising biological objectives. These findings support the
adoption of effort-based tools, such as quota limits, effort caps, or
economic incentives, to align harvesting practices with optimal
reference points.
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The present study observed a significant increase in the total
expenditure in hake fishing during 2020, compared to other years in
the study period, due to the increasing cost of consumables, leading to
negative returns. It was reported that the industry’s actual landings are
less than half of the processing capacity, creating economic
inefficiencies and prompting pressure to raise quotas. This,
combined with TAC levels that have consistently exceeded scientific
recommendations, may contribute to overfishing or stock depletion
(Paterson et al., 2013). Also, the loss could be associated with the
impacts of COVID-19. In Peru, for instance, the gross income of vessel
owners and primary buyers involved in hake fishing decreased to
negative territory due to a 97% reduction in fishing trips (Grillo-Nunez
et al,, 2021). However, in the current study, there was no sharp decline
corresponding to fishing efforts between 2019 and 2020. While
COVID-19 may not have significantly altered hake catches in
Namibian waters, the increased cost of consumables such as fuel and
lubricants, gear materials, and packaging materials, many of which are
imported—could have escalated sharply due to global supply chain
disruptions caused by the pandemic.

Aside from cost-related variabilities, price dynamics also have a
significant influence on hake profitability. According to NSA (2024),
despite stable hake landings, export earnings declined by 7.5% between
the second quarter of 2023 and the second quarter of 2024, reflecting
volatility in international market values. In addition, fresh hake exports
face additional challenges linked to cold chain integrity, particularly in
markets such as Spain, where minor breaches can reduce product
quality and market prices (Neethling and Goedhals-Gerber, 2023).
Hence, the interplay between operational costs, export logistics, and
global market demand underscores the need to account for price
variability in bioeconomic modelling, as constant price assumptions
may mask the real drivers of economic sustainability.

The EMEY and EMEY results obtained in the present study should
be regarded as more representative of recent years, due to substantial
increase in costs and prices since 2018. The assumptions of constant
prices and cost across the study period may not accurately reflect the
true reality of the earlier years. Therefore, future studies should
incorporate time-varying economic data to better capture the
differences between the present and the past conditions.

4.3 Spatial, temporal, and depth-related
variability in catch rates

Our study revealed a non-significant influence of gear depth on the
catch volumes of hake species in Namibian waters, with 69% of the
landings caught between 300-400 m depth. In a study that assessed
how seine rope length, seine rope diameter, and seine net
configurations of different sizes and shapes affect the catch efficiency
of demersal fishes, shorter seine ropes (4 coils) were found to
significantly lower catches than longer ones (8 coils) (Noack et al.,
2024). About 75% of M. capensis are usually caught shallower than 300
m, while the same amount of M. paradoxus are found deeper than 300
m depth (Burmeister, 2005; Kainge and Wieland, 2017). However, the
depth at which the fish were caught may have been influenced by the
age of the fish, time, conservation measures, and spatial factors that
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affected the density of their distribution. In the present study, all wet-
fish trawler catches during 2008-2017 and 2020-2024 occurred at
depths of 300-400 m. On the other hand, all hake catches by freezer
trawlers between 2012 and 2021 were also caught at similar depths.

Hake showed a preference for deeper water as they age, and this
may also influence their location (Jansen et al., 2016). Additionally, the
Namibian hake trawling is limited to a depth above 200m in the central
region and north, and 300m in the south (Elwen et al, 2025).
Specifically, fishing south of 25°S has been restricted, with wet—trawl
vessels limited to depths greater than 300 meters and freezer—trawl
vessels limited to depths greater than 350 meters (Kathena et al., 2016).
In addition, the occurrence of Benguela-Nifo events has been reported
to cause maximum hake densities at depths between 260-320 m
(Bahamon et al., 2022). Hence, it can be inferred that the reason for
the majority of landings in the 300-400m depth and the variations in
annual catch might be a combination of the species migration pattern,
age, conservation, and geographical position. Furthermore, studies
have reported that temporal and spatial variability of hypoxia in
the sea bottom usually plays a significant role in the dynamics
of hake depth location, especially for M. capensis (Bartholomae and
Van Der Plas, 2007; Hamukuaya et al., 1998). Hence, other factors
such as dissolved oxygen and temperature play significant roles in the
depth distribution of hake species (Kainge et al., 2017; Voges et al.,
2005). The high catch of 2011 was reported to occur as a result of the
presence of both species in deeper water, due to changes in the
environment (Kathena et al., 2018).

The current study revealed that the majority of the high hake
catches clustered around 24°S and 27°S latitude, specifically from
the central to the southern costal zones. This finding aligns with
Burmeister (2001). The study reported that highest average biomass
of M. capensis was recorded in the north of 27°S using survey data
from 1990 to 1999. Similarly, in Johnsen and Lilende (2007),
authors found that day-night differences in CPUE varied with
latitude, and the fraction of M. capensis and M. paradoxus in
survey catches changed significantly with latitude. Their study
also reported that M. capensis dominated the shallow waters
(<350 m) in the northern latitudes, while M. paradoxus was more
prevalent in deeper waters (>450 m) in the southern latitudes. In
relation to the present study, this partially suggests that M. capensis
may have been the most frequently caught species between 2000
and 2023. In a study by Gordoa et al. (2000), which assessed
monthly variability in the catchability of Namibian hake and its
relationship with environmental seasonality from 1994 to 1997, the
standardized CPUE data were analyzed across latitudes ranging
from 18°S to 28°S. These studies have established the latitudinal and
depth-related structuring of hake populations, supporting the
spatial catch patterns recorded in the present study.

5 Conclusion

Using an integrative analysis that combines bioeconomic
analysis and environmental dynamics of hake fishery, this present
study examines hake fishery, focusing on Merluccius capensis and
M. paradoxus over a 24-year period. It highlights biological and
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economic indicators, identifying overexploitation and declining
profitability particularly in recent years. Despite CPUE and total
hake catches reaching peaks in the early 2010s, both indicators have
significantly declined, reaching lowest in 2024, suggesting decreased
stock productivity or changes in fleet efficiency or management
programs. In addition, the bioeconomic model showed that current
effort levels have consistently, over the years, exceed both MSY and
MEY thresholds, indicating that the two hake species in the
Namibian waters are not being harvested at optimal levels for
long-term sustainability or profitability. However, the differences
between the vessel types were preserved by aggregating vessel data
through weighted averages, and realized catches were constrained
by quotas, confirming that harvests did not exceed allocations and
that results were robust to moderate sensitivity variations.

The assessed environmental effects show that bottom
temperatures have significant opposing influences on catches of
freezer and wet-fish trawlers. However, depth-catch relationship
was weak and statistically non-significant, indicating that
univariate patterns should be interpreted cautiously and primarily
as exploratory. Our multivariate analysis models identified haul
duration as a stronger predictor of catch. On the other hand,
spatial analysis reveals consistent clustering of high catches at mid-
depths (300-400 m) and latitudes between 24°S and 28°S—areas.

The economic assessment shows high reliance of the hake fishery
on ancillary income (e.g., quota fees and by-catch sales) to remain
profitable, as revenue from hake alone has not been sufficient to cover
annual operational cost. The reliance seems to be further compounded
by structural inefficiencies associate with quota allocation and
expensive leasing agreement, placing additional pressure on vessel
operators. A sudden surge in increasing operational cost in the 2020s
—particularly during the COVID-19 period—exposed vulnerabilities
in the value chain of hake fishery in the country, with breakeven prices
sharply increasing in recent years.

Conclusively, it is essential to rebuild the Namibian hake stocks
while fishing effort is aligned with EMEY rather than MSY to unleash a
dual benefit of ecological resilience and increased economic returns. It
is essential for policy makers to consider employing effort-based
management tools and initiate cost-reduction strategies. In addition,
the management programs focusing on the understanding of the
dynamics and fine-scale habitat due to temperature changes should
be developed or encouraged.
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