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Abstract: Many coastal fisheries are subject to harvesting externalities due to inadequate regulations
compounded by limited enforcement. Coastal fisheries in Liberia consist of a fleet of dugout canoes
(Kru) primarily targeting demersal finfish, larger open wooden boats propelled with outboard
engines targeting small inshore pelagics (Fanti), and a small number of industrial trawlers employing
midwater and bottom trawls targeting finfish and shrimp. This paper develops a bio-economic
model for the coastal fisheries in Liberia and employs the model to identify economic optimal fishing
effort and harvesting trajectories for the different coastal fleets. The results show under harvesting
and disinvestments in the coastal fisheries in Liberia. In 2010 the Government of Liberia declared
a six nautical mile inshore exclusion zone accessible only to small-scale fisheries (SSF), which was
accompanied by increased enforcement. The coastal fleets in 2016 were profitable but the distribution
of profits was tilted to the small-scale fleets. The government needs to evaluate what policy options
are available to fully utilize the fisheries potential for different species complexes while at the same
time reduce the risk of conflict and overharvesting. There appears to be a need for investment in new
technologies, which can only take place if fishing in Liberia will remain profitable.

Keywords: bio-economic modelling; coastal fisheries; SDG 14; profits; Liberia

1. Introduction

Liberia is among the poorest countries in the world and fisheries account for about 10% of
GDP [1,2]. It has an exclusive economic zone (EEZ) of about 246.000 km2 and a continental shelf that
ranges in width from 16 to 56 km [3]. The fishery resources are currently exploited by offshore and
coastal fleets [4]. Potential yield has been estimated at around 40.000 tons year−1 [3,4] but total catch
between 2013–2016 averaged around 26,700 tons (Table 1).
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Table 1. Summary statistics of fisheries data 2013–2016.

Stocks Statistics Kru Boats Fanti Boats Ind. Vessels Standardized CPUE
(ton boat−1 year−1)

Small pelagic
(tons year−1)

Mean 1043.5 16,286.7 86.2 5.9

Std Dev 451.7 2355.3 73.1 1.4
Min 656.1 14,048.8 12.5 4.6
Max 1626.5 19,142.7 166.1 7.3

Medium pelagic
(tons year−1)

Mean 990.4 3501.7 2.5 1.4

Std Dev 252.2 705.5 2.1 0.4
Min 747.9 2568.4 0.4 0.9
Max 1324.0 4162.7 4.8 1.8

Shallow-water demersal
(tons year−1)

Mean 1842.1 390.7 129.8 0.6
Std Dev 245.2 58.5 72.5 0.1

Min 1518.5 350.9 22.5 0.5
Max 2088.7 477.4 178.6 0.8

Deep-water demersal
(tons year−1)

Mean 1055.2 85.4 159.1 0.4

Std Dev 858.1 62.9 126.8 0.2
Min 138.0 11.9 34.8 0.1
Max 2178.0 165.2 313.5 0.6

Crustacean (tons year−1)

Mean 342.7 2.9 45.8 0.1

Std Dev 70.8 2.3 50.8 0.0
Min 277.6 0.5 5.0 0.1
Max 425.0 6.0 116.0 0.1

Large pelagic
(tons year−1)

Mean 353.1 389.4 7.2 - 1

Std Dev 198.1 118.7 12.6 -
Min 184.5 238.8 0.1 -
Max 640.0 528.3 26 -

Effort (no. of boats year−1)

Mean 2922 753 4 -

Std Dev 283 78 2 -
Min 2615 685 1 -
Max 3163 827 7 -

Years observed 4 4 4 -

Source: NaFAA Statistics; 1 not included in the analysis.

While the coastal industrial fishery is subject to strict entry regulations and other management
measures, the small-scale fisheries (SSF) are basically open access [5]. Open access fisheries have
been reported to be generally characterized by problems of overexploitation and poor economic
performance [6,7]. Only a few coastal nations have instituted proper fishery management systems to
address this issue [6,7]. Although most commercial fishery resources have the potential to generate
substantial profits, a relatively small number of fisheries are therefore profitable [7].

In this paper, a bio-economic model is developed and used to evaluate the fisheries and identify
economically feasible fishing effort and harvesting trajectories for the main coastal fleets operating in
Liberia. The main research questions are: What is the current state of the coastal fisheries and how
could management of the resource be better aligned with the United Nations Sustainable Development
Goal (SDG) 14 targets 14.4 and 14B? According to SDG 14.4 fishing should be effectively regulated and
overfishing, illegal, unreported, and unregulated fishing, as well as destructive harvesting practices,
brought to an end and science-based management plans implemented. SDG target 14.B refers to giving
SSF fishers access to marine resource and markets [8]. The final research question is what are the
economic outcomes of the coastal fleets?

Background

The offshore fishery in Liberia primarily consists of large industrial tuna vessels mainly from the
EU which operate under fisheries partnership access agreement. They employ purse seines, longlines
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and pole and line. The catch, estimated at around 10,000 tons year−1 according to National Fisheries
and Aquaculture Authority (NaFAA) statistics, is not landed in Liberia.

The coastal fisheries, which are the focus of this paper, are conducted on the continental shelf.
The shelf is on average 36 km wide, narrower in the north between Monrovia and Robertsport with
trawling grounds down to 800 m and wider in the south between Monrovia and the Ivory Coast [3].
The waters are stratified and warm (>24 ◦C) with low salinity levels (<35◦/00) [3]. The coastal fisheries
are affected by the seasonal oscillation of the thermocline and relatively low nutrients

Six exploitable species assemblages have been identified i.e., small, medium, and large pelagics,
shallow- and deep-water demersals and crustaceans [4], which are targeted to a different extent by the
small-scale and industrial fleets. SSF include the Kru—non-motorized dugout canoes generally 5–7 m
long with 1–3 crewmembers—and the Fanti—larger open wooden boats 10–15 m long propelled by
outboard engines with a crew of 6–26—who have exclusive access up to six nautical miles (nm) offshore
but may fish further out as well. Kru operators use handlines and gillnets and target demersal species
like cassava fish (Pseudotolithus spp.), butternose (Galeodes decadactylus), solefish (Cynoglossus spp.)
above the thermocline and groupers (Epinephalus spp.), snappers (Lutjanus spp.), and grunters
(Pomadasys spp.) [9] below the thermocline. Operators of Kru canoes also target some crustaceans
mainly crabs and lobsters, using gill nets and traps.

The Fantis boats are mainly operated by foreigners from Ghana [10] and they primarily use
ring nets and target small pelagics like bonny (Sardinella spp.), porjoe (Chloroscombrus chrysurus),
and Atlantic flying fish (Cheilopogon melanurus) [4]. Both Kru and Fanti also catch large and medium
pelagics, as well as crustaceans, but to a much lesser extent.

The SSF provide livelihoods for around 10,800 full-time fishers and 22,100 local and foreign fish
processors and traders [10,11]. Most of the catch is landed during the dry season, in October–April,
when the weather is good the sea is calm and fishing conditions are favorable. During the rainy season,
May–October, periods of strong ocean currents, heavy storms and rainfall limit the ability of the fleets
to go out to sea [12].

The coastal industrial fishery comprises of trawlers that deploy mid-water and bottom trawls
targeting the shallow- and deep-water demersal species as well as shrimps [12]. The vessels are owned
by foreigners mainly from Europe (e.g., Spain, Greece, Russia.) and China, who operate through joint
ventures with Liberian registered fishing agencies [12–14].

In the early 80 s, 14 coastal industrial trawlers operated in Liberia mainly targeting shrimps with an
annual catch of 746 tons in 1980 [3,15]. During this period, the industrial shrimp fishery was profitable.
Maximum economic profits of the 14 trawlers were estimated at around 5.7 million $ [15]. Due to
the concentration of shrimps and demersal species in the inshore areas, the trawlers and small-scale
fishers came into constant conflict, with the trawlers oftentimes destroying the fishing equipment of
the small-scale fishers [15,16].

Shortly after the civil war ended in 2006, almost 40 industrial vessels were in the coastal waters.
However, since 2008, there has been a sharp decline and today there are only two such vessels operating
in Liberian waters. The coastal industrial fleet size, during the periods of the social unrest, more than
doubled in the 1980s [15], a development that seems to be associated with a lack of effective governance.
Between 2013 and 2016, there were on average four coastal licensed industrial vessels, averaging about
180 Gross Registered Tonnage (GRT). This decrease in the number of trawlers appears to be due to the
establishment of an Inshore Exclusion Zone (IEZ). The catch, whole-fish and shrimp frozen onboard,
is supplied to the domestic market, although a part is also exported [12,13].

In 2010, the Liberian Government initiated key fisheries management reforms, with funding from
the World Bank West African Regional Fisheries Program [10,17]. A six nm IEZ was introduced to
protect the SSF [5]. This was the initial step to control illegal coastal industrial vessels from operating
in the inshore zone and allow the commercial fishery resources to rebuild [10,18]. To secure the IEZ,
the Government of Liberia established a Fisheries Monitoring Center (FMC) to monitor and control
industrial fishing activities. Since then there have been no new investments in this fishery, while there
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has been an expansion of the Kru fisheries which seems to be consistent with growth trend after the
war ended (Figure 1).

Figure 1. Liberian coastal fleets development trend. Source: National Fisheries and
Aquaculture Authority.

2. Analytical Approach

An aggregative bio-economic model for different species assemblages, following the approach
of Arnason [6] and World Bank [7], is used in this analysis. It is a discrete-time dynamic model that
follows standard fisheries economic theory see [6,19–24]. The model encompasses three primary
functions basic to any fisheries bio-economic model: the natural growth function G(x), the harvest
function H(e, x), and the cost function C(e) [6,7]. The basic functional relationships of the model are as
follow:

ẋt = G(xt) − ht [Net biomass growth function] (1)

ht = H(et,xt) [Harvesting function] (2)

πt = pt × H(et,xt) − C(et) [Net benefits function] (3)

Equation (1) describes the instantaneous change in biomass as a function of natural growth G(xt)
denoted by the derivative, ẋ ≡ ∂x/∂t , and harvest, h. The instantaneous change in biomass,

.
x, is

approximated in discrete time with ẋ ≡ x(t + 1) − x(t). Expression (2) describes harvest as a function of
fishing effort, e, and stock size, x, while expression (3) defines the net benefits as a function of harvest,
prices (p), and fishing costs, C(e). Equilibrium in the model is characterized by stable biomass, ẋ = 0.
Following Arnason [6] and World Bank [7] expressions (1) and (2) can be reduced to G(xt) = H (et, xt)
in equilibrium.

Empirical Model

Following Arnason [6] and World Bank [7], a quadratic functional form [25] is assumed for the
biomass growth function, G(x), in expression (1) and is given as:

G(xt) = α × xt − β × xt
2 (4)

where α and β are parameters. The parameter α measures the intrinsic growth rate of the biomass. It is
easy to verify that the biomass carrying capacity (Xmax) is the ratio of α/β. In discrete-time, the change
in biomass is approximated using the expression:

xt+1 − xt = α × xt − β × xt
2 (5)
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where the biomass at t + 1 less the biomass at time t less harvest is used to identify biomass growth.
For the harvesting function, a generalization of a Schaefer harvest function [26] is assumed as:

ht = δ × et × xt
µ (6)

where δ is the catchability coefficient and µ represents the schooling behaviour of the stock (usually
µ ∈ [0,1]) [6,7,21]. For the net benefit function, the following functional form is specified:

πt = (1 − γ) × (pt × δ × et × xt
µ) − (at × et + fct) (7)

where γ is the crew’s share (or bonus) of the fishing revenues, p the unit ex-vessel price of the landings,
a is the unit marginal variable cost of fishing effort and fc the fixed costs. Expressions (4)–(7) should
be regarded as the empirical counterparts of the general model, expressions (1)–(3). It is, however,
not possible to estimate the empirical model because detailed stock assessments are not available for
the species assemblages described earlier.

In empirical fisheries bio-economic models, proxies such as catch per unit of effort (CPUE)
can be used for stock size [27–29]. Following Zhang and Smith [29], we designate CPUE such that
yt = ht/et. From expression (6) CPUE is proportional to the stock size-xt = yt/δ. The conventional
method substitutes this proxy, in expression (5), simplifies and adds an error term [29]. The result is an
empirical version of expression (5), for estimating α, β and δ, using CPUE as an index of abundance
and given as:

∆yt = b + c × yt + d × et + εt (8)

where b = α, c = −(β/δ)↔ β = −(c × δ), d = −δ↔ δ = −d and εt is the error term. The error term is
assumed to be independent and identically distributed (i.i.d) normal with zero mean and variance
σε2 (εt ~ i.i.d N (0, σε2). Expression (8) is then estimated by regression analysis. The relative effort
factor is obtained by the average catch of fleet i of species assemblage j at time t divided by the average
catch of all fleets for species assemblage j at time t. of the relative effort factor of fleet i compared to a
standardized vessel at time t was calculated as the mean of the average catch ratio (w = cpue) for the
three fleets for each species assemblage j. The aggregate standardized fishing effort ejt

s of all fleets
for species assemblage j is the sum of the product of the fishing power and fleet i at time t. These are
respectively specified as

fijt = wijt/wsjt (9)

The aggregate standardized fishing effort ejt
s of all fleets for species assemblage j is the sum of the

product of the fishing power and fleet i at time t as specify below

ejt
s =
∑

I fijt × eit (10)

And substituting ejt
s in expression (8) yields

∆ys
jt = bj + cj × yjt + dj × (ejt

s) + εjt (11)

After estimating (11), using the available data, maximum sustainable yield (MSY), MSY biomass
(Xmsy) and Xmax were calculated based on the expression (12) which were derived from expression (4).

MSY = α2/(4 × β), Xmsy = α/(2 × β), Xmax = α/β (12)
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3. Model Parameters Estimation

3.1. Data

The bio-economic model, defined by Equations (4)–(7), consists of unspecified biological and
economic parameters that must be estimated to make the model operational. The biological parameters
include α, β, δ, and µ in the biomass growth and harvesting functions. The economic parameters
in the net benefits function are p, γ, a, and fc. The coastal fishery is studied for a certain base year
(t*). The base-year considered here is 2016 (i.e., t* = 2016). The biological (catch and effort) and
economic data used in this analysis were obtained from multiple sources. It was only in 2013 that
fisheries data collection was made more systematic. Catch data from the SSF are based on a stratified
sampling program [4], while the catch data for the coastal industrial fishery are collected and reported
by fisheries observers.

3.1.1. Catch and Effort Data

Data on total landed volume (aggregated by species assemblage), fishing effort, for the period
2013–2016, available biomass estimates, and schooling coefficients were employed to make the model
operational. The total catch and fishing effort year−1 were obtained from NaFAA used in the calculation
of total standardized effort and CPUE (tons boat−1 year−1) for the fleets (Table 1). These were used
in the estimation of α, β, and δ in expression (11), which defines implicitly MSY, Xmsy and Xmax.
The assumed base-year biomass estimates for small and medium pelagics, shallow- and deep-water
demersals species assemblages were drawn from MRAG [4], while for the crustaceans it was estimated
using average standardized CPUE divided by the estimated δ, for the data period. The schooling
parameter estimates were obtained from Arnason and MRAG [30].

The number of Kru and Fanti boats in the coastal fishery, following the end of the civil conflict in
2006 and the Government’s fisheries management reforms in 2010, has increased (Figure 1) but their
harvesting technologies are mostly suboptimal. The efficiency of the coastal industrial vessels is linked
to their GRT, although vary substantially with frequent breakdowns and irregular fishing trips.

3.1.2. Economic Data

An independent survey was conducted in 2017 to collect data on investment such as costs of
vessels, outboard engines and fishing gear and operational costs including food, fuel, crew revenue
sharing ratios, and maintenance and repairs. Data on marginal cost of fishing effort, e, fixed cost, fc,
and average unit ex-vessel price, p, of the landed wet- and frozen whole-fish by species assemblages
for the coastal fleets were collected in October–December 2017. A total of 15 Kru and 15 Fanti boat
operators were randomly selected and interviewed at Robertsport beach in Grand Cape Mount,
Point 4 beach in Montserrado and Marshall beach in Margibi counties. Cost adjustments were made,
to reflect the replacement cost of fixed assets [31].

Industrial fishing agencies were sceptical of the study and generally unwilling to provide economic
information. This study relied mostly on information provided by agents, for an industrial vessel of a
local fishing firm, who are responsible for the daily operations of the industrial vessel.

The industrial fishery marginal costs information such as costs of fuel and lubricants, food and
water, crew’s salary, berthing fees and maintenance, other supplies, and the crew share (bonus)
in the catch was provided by three key informants and corroborated with fisheries managers at
NaFAA. Investment costs obtained included the cost of vessels, fishing gear, documentation and
vessel insurance.

The capital value of the vessel incorporates the vessel and its components i.e., engine and
equipment for navigation, communication, freezing and cooling on board the vessel. This work
assumes the components of a complete set of trawl gear include wires, ropes, and twines, trawl net
and otter boards (or solid beam).
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The estimated value of vessels, are based on replacement cost and verified with vessels of similar
technical specifications i.e., length overall, GRT and engine capacity [32]. The information was used to
calculate annual total cost incurred by the coastal fleets in Liberia.

A random sample of 60 fish sales at the study sites mentioned above was collected to estimate
average ex-vessel prices of landings by species assemblages and fleets in the 2016 base-year. The number
of sales, weight (kg) and price of the landed fish by species assemblage were recorded. On this basis,
the average ex-vessel price (US$ kg−1) by species assemblage was calculated, for the Kru and Fanti
boats (Table 2). Fish price information was also obtained from the key informants, for the industrial
fishery and used to estimate ex-vessel price (US$ kg−1), using a similar procedure (Table 2). A possible
reason for the observed price differences (USkg−1) between the SSF Kru and Fanti boats and the
industrial vessels could be due to a different market focus.

Table 2. Summary statistics of ex-vessel prices of the landed wet- and frozen whole-fish for the Kru,
Fanti boats and industrial vessels in 2016.

Species Assemblage Statistics Kru & Fanti Boats Industrial Vessels

Small pelagic
(US$ kg−1)

Mean 1.1 1.3

Std Dev 0.2 0.4
Min 0.9 0.8
Max 1.6 1.9

Sample (n) 10 10

Medium pelagic
(US$ kg−1)

Mean 2.3 3.5

Std Dev 0.7 0.9
Min 1.5 2.3
Max 3.5 5.0

Sample (n) 15 15

Shallow-water
demersal

(US$ kg−1)

Mean 2.5 2.9

Std Dev 0.9 0.1
Min 1.2 2.6
Max 4.0 3.0

Sample (n) 15 10

Deep-water demersal
(US$ kg−1)

Mean 3.6 4.0

Std Dev 1.6 0.3
Min 2.0 3.3
Max 7.2 4.0

Sample (n) 15 8

Crustacean
(US$ kg−1)

Mean 4.0 10.2

Std Dev 1.1 3.1
Min 2.2 6.0
Max 5.0 15.0

Sample (n) 10 8

Large pelagic
(US$ kg−1)

Mean 1.5 1.7

Std Dev 0.7 0.1
Min 0.5 1.5
Max 3.0 1.8

Sample (n) 10 5

Source: Survey.
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3.2. Statistical Approach

3.2.1. Biological Parameters

Biomass growth functions were estimated for five species assemblages i.e., small and medium
pelagics, shallow-and deep-water demersals and crustaceans. Biomass growth function was not
estimated for the large pelagics because the management of these species is undertaken regionally by
the International Commission for the Conservation of Atlantic Tunas [4,33]. Therefore, Liberia has no
direct control over the stock.

The parameters α and β in Equation (4) for the five species assemblages were estimated using linear
regression analysis of expression (11). The parameter δ, for the species assemblages, was calculated
using the expression δ = h/e × xµ derived from expression (6). Standardized CPUEs, biomasses and µ
were used to calculate average δ values. The coefficient d(δ), in the regression analysis, was restricted
to the calculated average values for the pelagic and demersal species assemblages following Warui [34],
while for the crustaceans it was employed to calculate stock size. For all 5 species assemblages, the
values of b and c were estimated. Following this, the explained variable ∆ys

jt was regressed against
the explanatory variables ys

jt and es
jt, using expression (11).

For the small and medium pelagics, about 56% and 87% of the variation in the residuals were
explained by the models, while for the shallow- and deep-water demersals about 72% and 92% of
the variation in the residuals were accounted for (Table 3). For the crustaceans, about 62% of the
variation in the residuals was explained by the model. The p-values of the models for all five species
assemblages modelled are at a > 0.05 level of significance (Table 3). This indicates there was not a
statistically significant relationship between fishing effort and catch landed. It is important to note that
the p-values are low because there are few degrees of freedom. The Shapiro-Wilk test coefficients and
p-values, for all 5 species assemblages, indicate that the residuals are not significantly different from
normal (Table 3). After estimating expression (11), α and β were calculated (Table 3).

A separate harvesting function per species assemblage and fleet was used. About 97% of the
landed catches are generated from the small and medium pelagics, shallow- and deep-water demersals,
and the crustacean species. For these species assemblages, fifteen harvesting functions were estimated,
using expression (6).

The catchability coefficient, δ, for the fleets and fisheries, were calculated using expression
δ̂1 = h/e · xu derived from expression (6) (Table 4). Note that fishing vessels do not have the same
catchability coefficients, even those in the same category. Therefore, δ̂1, which measures the change in
the harvest with respect to a change in the vessel type i.e., ∂h/∂e =δ̂1 · xµ, should be regarded as the
catchability of a standardized Kru, Fanti or industrial vessel.
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Table 3. Output of regression analysis on b, c and d, normality diagnostic tests and estimates of α and β.

Coefficients Estimates of Alpha & Beta

Stock b c d R2 p-Value SE Shapiro Wilk
Test (w-Value)

Shapiro Wilk
Test (p-Value) Alpha (α) Beta (β)

Small pelagic 0.41 0.05 −9.2 × 10−5 0.56 0.66 0.20 0.99 0.94 0.41 4.3 × 10−6

Medium pelagic 0.46 0.24 −6.2 × 10−5 0.87 0.36 0.11 0.86 0.26 0.46 1.5 × 10−5

Shallow-water demersal 0.41 0.20 −5.2 × 10−5 0.72 0.53 0.05 0.91 0.50 0.41 1.1 × 10−5

Deep-water demersal 1.18 2.95 −1.2 × 10−4 0.92 0.28 0.34 0.89 0.38 1.18 3.5 × 10−4

Crustacean 1.66 13.55 −7.1 × 10−5 0.62 0.61 0.23 0.82 0.15 1.66 9.6 × 10−4

Source: Model, Note: d values for small and medium pelagics and shallow- and deep-water demersals are restricted to the calculated average estimates of δ, while estimated d is used for
the crustacean.

Table 4. Estimates of catchability coefficients and schooling parameters for the coastal fleets in base-year.

Species Assemblage Kru Canoe (1/Boat) Fanti Boat (1/Boat) Ind. Vessel (1/Boat) Schooling Parameter

Small pelagic 5.5 × 10−6 3.4 × 10−4 1.54 × 10−4 0.98
Medium pelagic 1.6 × 10−5 1.7 × 10−4 1.2 × 10−5 0.98

Shallow-water demersal 6.0 × 10−5 4.6 × 10−5 3.2 × 10−3 1.00
Deep-water demersals 2.3 × 10−5 6.2 × 10−6 7.04 × 10−3 1.00

Crustacea 9.6 × 10−6 5.3 × 10−7 2.09 × 10−2 1.00
Large pelagic 5.8 × 10−2 * 3.5 × 10−1 * 6.57 * 0.00

* = measured in unit ton/boat.
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3.2.2. Economic Parameters

In the SSF, fc comprises capital cost including depreciation and interest payment on boat value
and equipment, cost of boat, outboard engine and, gear, and license fees. For the industrial vessels,
fc includes the capital cost comprised of depreciation and interest payment on the vessel value and
gear, vessel, fishing gear, documentation, and vessel insurance. Variable costs are divided into variable
costs related to fishing effort and those related to the harvest value i.e., crew share or bonus in the
fishing revenues. The Kru boats fish on average 5–6 days week−1, i.e., 20 days month−1, 10 months
year−1, while the Fanti boats fish 20 days month−1 for 6 months year−1. Kru canoes crew and canoes
owners are reported to receive 50% of the value of harvest while 50% is reserved for the enterprise’
property for operation and investment costs. For the Fanti, it is based on 40:60, i.e., 40% of the revenue
is shared up between the boat’s owner and crew and 60% for the enterprise’ property.

Note that while globally crew‘s remuneration arrangements for most fisheries are based on shared
remuneration systems (i.e., the fishing crew is paid a proportion of the fishing revenues or value of
the landed catch or profits) [35–44], in the Liberian coastal industrial fishery the crew remuneration
is time-based, i.e., fixed monthly salary and a bonus, usually paid through the captain and ranges
between 5–10% of the value of landings. In this study crew‘s bonus was estimated to be 8%. Industrial
vessels on average attempt two 10 days fishing trips month−1 for 11 months of the year, and a month
for major repairs. The average ex-vessel prices (US$ kg−1), for the wet whole-fish landed by the
small-scale fleets and the frozen whole-fish landed by the industrial fleet, were used as unit price
estimates (Table 2). The total annual cost parameters estimates and crew sharing ratios, for the coastal
fleets, are listed in Table 5).

Table 5. Cost parameter estimates in 2016 base-year.

Fleet Crew Share (γ %)
Variable Cost

(vc boat−1 yr−1)
(US$ 1000 boat−1)

Fixed Cost
(fc boat−1 yr−1)

(US$ 1000 boat−1)

Total Cost
(boat−1 yr−1)

(US$ 1000 boat−1)

Kru canoe 50% 0.60 0.88 1.48
Fanti boat 40% 2.65 10.64 13.29
Industrial

vessel 8% * 143.93 329.25 473.18

Source: Survey, * = bonus of industrial vessels crew.

4. Results and Discussion

4.1. State of the Coastal Fishery

Aggregate MSY in the Liberian coastal waters is estimated to be roughly 18,700 tons year−1

(Table 6). The shallow-water demersals appear to be overexploited, while biomass estimates for
other species assemblages are well above Xmsy levels. MSY estimate for crustacean is now 7100 tons,
only‘44% of the estimated MSY of 1600 tons in 1983 [15]. It should be noted that the estimate in
1983 was based on industrial shrimp fishery, but today most of the crustacean catch is by the Kru
who primarily catch shallow water crabs and lobsters. Only a minor portion of crustacean caught
in recent years are shrimp. It can thus be assumed that there is a considerable potential to increase
shrimp catches.
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Table 6. Stock estimates at the end of 2016.

Species Assemblage MSY
(1000 t)

Xmsy
(1000 t)

Xmax
(1000 t)

Stock
(1000 t) Stock/Xmax Stock/Xmsy

Small pelagic 9.52 46.95 93.90 68.83 0.7 1.5
Medium pelagic 3.56 15.41 30.82 25.75 0.8 1.7

Shallow-water demersal 3.91 19.16 38.32 12.87 0.3 0.7
Deep-water demersals 0.99 1.67 3.34 3.05 0.9 1.8

Crustacean 0.71 0.86 1.72 1.26 0.7 1.5

18.70 84.05 168.09 111.76 0.7 1.3

Source: Model and Authors ‘calculations.

Except for the shallow-water demersals, all fish stocks in the coastal waters of Liberia appear to
be underutilized (Table 6). A likely explanation is the prolonged civil conflict, underinvestment in the
coastal fisheries, and changes in policy. The conflict prevented the expansion of fishing effort in the
SSF [45]. Exits from the coastal industrial fisheries seem to have increased after changes in policy in
2010 when the Liberian Government introduced a zoning regulation (Figure 1). It seems this zoning
policy may explain the trawlers poor catch of shrimps today since industrial trawling is prohibited
within 6 nm inshore zone where the main coastal shrimp resources are concentrated [3,5,15]. The Kru
canoes, that operate in that zone, catch some crustaceans, i.e., crabs and lobsters, but are inefficient [46],
indicating underutilization of this valuable resources. In this case, it would be worthwhile to introduce
some changes making it possible to fully exploit these valuable shrimp resources, while at the same
time avoiding conflicts in the coastal fisheries.

During the early 1980s, the trawlers in Liberia were allowed to operate outside 3 nm but in 2010
they had to go outside 6 nm into deeper waters [3,5]. The trawlers operating today are old (≥30 years)
and inefficient for trawling in deeper waters [13]. Consequently, the trawlers have been disappearing
from the coastal fisheries.

The current state of the small and medium pelagics, deep water demersals and crustacean species
assemblages indicate possibilities for new technological investments in the fishery to utilize the
harvesting possibilities. The current depressed state of the shallow-water demersals suggests a need
for stricter regulations, particularly for the Kru boats that mostly seem to thrive under open access.

4.2. Coastal Fleets Economics

In 2016, the small-scale and the industrial fisheries appear to have been profitable (Table 7).
Total profits are estimated at around US$ 7.2 million with the Kru and Fanti boats accounting for nearly
99%. Estimated profits boat−1 were around US$ 510 for a typical Kru canoe, US$ 8000 for a Fanti boat
and US$ 18,200 for an industrial vessel. While estimated profits as a share of revenues were reasonable
for the coastal fleets, the average return on investments (ROIs) appear to be particularly encouraging
≥68% in the SSF. The industrial vessels were less profitable, which may explain the lack of investment
in the coastal industrial fishery in Liberia.

Table 7. Estimated economic outcome of the fishery end of 2016.

All Vessel Vessel−1

Economics Status Total Kru Fanti Industrial Kru Fanti Industrial

Revenue (US$ 1000) 39,012.9 12,562.0 24,315.1 2135.8 3.97 35.5 534.0
Cost (US$ 1000) 31,854.3 10,962.2 18,829.0 2063.1 3.47 27.5 515.8

Profits (US$ 1000) 7158.6 1599.7 5486.1 72.7 0.51 8.0 18.2
Profits/revenue 0.18 0.13 0.23 0.03 0.13 0.23 0.03

Return on investment 0.70 0.68 0.81 0.06 0.68 0.81 0.06

Source: Model and Authors ‘calculations.
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In general, world fisheries have been moving towards industrialization i.e., bigger motorized
vessels are more effective [47,48], but this does not appear to be the case with the industrial fishery in
Liberia. The introduction and increased enforcement of zoning regulations seem to have changed the
profitability of the coastal fleet, benefiting the SSF by increasing their access to the coastal resources.
This regulatory action appears to be in line with SDG 14B, which encourages states to protect the access
rights of SSF [8].

Limited access to critical fishing inputs, i.e., fishing nets, outboard motors, big forest trees
traditionally used to build the Fanti boats (as the length of these boats is determined by the size of
the forest tree used for the keel), makes it somewhat difficult to invest in new boats and equipment,
according to reports from NaFAA and Fanti fishermen. This may explain the current development
trend in the Fanti fishery, as it would otherwise be expected for a profitable fishery.

Although the Fanti boats appear to be performing better relative to the Kru canoes and the
industrial vessels, this does not imply that replacing all other vessels with the Fanti is a viable
policy option. The vessel groups use different harvesting technologies and target different species.
Such change may therefore be technically infeasible. Differences in profitability between vessel groups
may have more to do with the profitability of harvesting different target species. It seems therefore that
the overall best feasible utilization of coastal fishery resources in Liberia would be some combination
of these fleets or the introduction of new technologies.

4.3. Dynamic Fisheries Policy

The evolution of the fisheries depends on the fisheries policy and how it is implemented,
i.e., the number and types of vessels that are employed in the fishery and how their activities are
regulated. Four fisheries policies scenarios (FPS) were examined: maintaining 2016 fishing effort levels,
business as usual (BAU); optimal and realistic optimal policies. The average annual interest rate in
Liberia was 13% at the end of 2016 [49]. This average interest rate is adopted in this analysis, although
it may seem high for the analysis of the maximum net benefit.

4.3.1. Maintaining 2016 Fishing Effort

Under this fishery policy, we assessed what would happen if the 2016 initial biomasses (xo), of the
stocks modelled, and the number of Kru, Fanti, and industrial vessels are unchanged. The biomass
and catch of small pelagics decline by about a third in the first four years but stabilize thereafter.
The medium pelagic show a similar trend (Figure 2a). Once these species assemblages reached
sustainable levels (equilibrium), they are just above their respective Xmsy.

Under this FPS, the shallow- and deep-water demersals show signs of recovery in the beginning
and thereafter become stable ending up far above their 2016 levels (Figure 2b). The crustaceans initially
decline moderately and stabilize after the 5th year (Figure 2c). This species assemblage is above its
Xmsy after it reaches sustainable levels. Under this FPS, the aggregate profits decrease along with the
stocks in the beginning years and afterwards become stable (Figure 2d). The Kru boats realized the
most profits, after seven years of control.

This FPS is unlikely to materialize because the individual boats enjoy substantial profits and
so there are incentives for expansion in the fisheries, i.e., invest in new boats and improvements of
existing vessels. There are signs of this occurring already in 2019 according to reliable informal reports.
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Figure 2. (a) Evolution of small and medium pelagic; (b) Evolution of shallow-and deep-water
demersals; (c) Evolution of the crustacean; (d) Evolution of profits. Source: Model.

4.3.2. Business as Usual

The decision rule used here to assess the BAU FPS was if profits are greater than zero then they
increase (i.e., average ∆ effort), or else they decrease (average ∆ effort). This rule was necessary to
reflect the behaviour of commercial fleets in response to positive or zero profits by increasing or
reducing fishing effort, based on historical changes in effort.

The small and medium pelagics fall far below their 2016 levels (Figure 3a). While the medium
pelagics remain above their Xmsy, the small pelagics are 3% below their Xmsy. The sustainable yields
of these species revealed similar trends. The shallow-water demersals fall below their 2016 levels
to nearly 54% below Xmsy, whereas the deep-water demersals showed a similar trend but remain
far above Xmsy (Figure 3b). The crustaceans decline severely below the 2016 levels and sustainable
harvest also but remain 45% above Xmsy (Figure 3c). Aggregate profits decrease to zero (Figure 3d).
Because of this, there will be no incentives for additional entries into the fisheries.
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4.3.3. Maximum Net Benefits Policy

The objective, under this FPS, is to maximize the present value of profits. To locate the optimal
dynamic fishery policies, the fundamental principle of dynamic optimization in fisheries was employed,
using an iteration procedure [20–22].

To optimize profits in the coastal fisheries in Liberia, the model shows that the current number
of boats should be reduced by around 58% for the Kru and 26% for the Fanti, whereas the industrial
vessels should be increased by about 75% (Figure 4a). This large reduction in effort compared to
the current situation has to do with the high costs and inefficiency of the vessels, suggesting in an
optimal strategy of fewer vessels and much higher CPUE. This will lead to a speedy restoration of
the shallow-water demersals and generation of substantial profits (Figure 4b–d). The biomass of all
species assemblages is above their respective Xmsy.
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However, a realistic feasible optimal adjustment path which incorporates food and nutrition
security and socio-economic and environmental considerations [47] might be more practical for
Liberia’s coastal fisheries. This realistic optimal fisheries policy indicates around 19% reduction of the
current number of Kru canoes but no cut for the Fanti and industrial vessels and an overall reduction of
16% (Table 8). While profits vessel−1 for the small-scale fleets increase considerably, the total sustainable
profits increased by nearly 29% compared to its 2016 (Figure 4d). Note that some loss of profits will
occur during the early years of the fisheries control, due to sunken costs.



Sustainability 2020, 12, 9848 15 of 20

Table 8. Long-term economic highlights of the fisheries policies scenarios (FPS).

Employed Boats Present Value
of Profits

(million US$)

Long-Term Annual
Profits

(million US$)

Profits Boat−1 (1000 US$)

Policy Scenario Kru Fanti Trawler Kru Fanti Ind.

Maintaining 2016 effort 3165 685 4 33.1 2.8 0.6 1.1 21.6
BAU 4710 687 0 12.8 −15.0 0.0 0.0 0.0

Maximum net benefits 1334 510 7 41.8 5.3 1.5 4.8 134.7
Realistic optimal 2561 685 4 35.8 3.6 0.9 1.6 63.2

A comparison of the long-term features, of the three FPSs assessed, indicate fleet size under the
“BAU” is the greatest (Table 8). The present value of profits, sustainable long-run profits, and the profits
boat−1 are highest under the maximum net benefits FPS but lowest under the “BAU” fisheries policy.

The maximum net benefits FPS indicates that the current fleet size should be reduced, even though
the stocks are currently underutilized (Table 6). This is due to the low effectiveness and high cost of the
current fleet. Note that the present value estimates for all four FPS simulated are sensitive to the rate of
discount used. Discount rates below 13% would naturally generate higher present value estimates.

However, while it is possible to calculate the optimal combination of fleets for the Liberian coastal
fisheries, it is currently an unrealistic policy option to implement. This is because of the crucial role
of SSF in Liberia in terms of food security and poverty alleviation as reported elsewhere [50–56],
the imperfect substitutability between the coastal fleets, the potentially detrimental effects of the
poorly performing trawl fishery [28,57–61], and the poor state of the Liberian economy evidence by
widespread poverty and limited employment opportunities [62].

A fisheries policy which considers maximizing the present value of profits, employment of the
marginalized small-scale fishers, and the marine environment seem to be realistically optimal [63,64].
A major drawback, however, is the short-term costs (socio-economic) that are necessary to reduce
the excess fishing capacity [63]. Note the trawlers are neither efficient nor profitable but technical
infeasibility of harvesting the same resources with the Kru canoes make the trawlers a viable part of
the coastal fisheries in Liberia. There is a need, therefore, for the coastal fisheries to undergo major
technological development and investments as well as improved management.

4.4. Model Structural Uncertainties

Effects of non-harvesting anthropogenic alterations, technological change, and socio-economic
and environmental fluxes were not incorporated in the bio-economic model, because the effects of
structural uncertainty are not amenable to standard modelling approaches [65].

The economic downturn and prevalent poverty in Liberia [62] and harvesting externalities due to
excessive fishing effort and disruptions between SSF and industrial fisheries resulting from competition
for the same species may greatly affect the coastal marine fisheries. It is likely that these factors
may have negative effects on the results (benefits) from the fisheries policies analyzed here. Lack of
reliable data, however, impeded analysis of the impacts of these factors. Further analysis is required
to shed light on the effects of environmental and other non-fishing anthropogenic influences on
Liberian fisheries.

Catchability, marginal cost of fishing, and price of the landed catch, which may vary as the number
of vessels in the fisheries, marine environment, and fish market conditions change, are assumed constant.
Fishing grounds, which may change in accordance with seasonal fluctuations in the stocks’ availability
and overfishing of inshore stocks, in reality, are assumed unchanged. A constant discounting rate is
assumed in this analysis but time preferences of individuals and groups, as well as their determinants,
evolve overtime as societies change [66].

A key assumption in our fisheries policy analysis is that all the coastal fisheries vessels cooperate
to realistically optimize the overall benefits of the fishery resources. Therefore, in some fisheries
policy scenarios, the benefits of some fleets were optimized at the expense of others following Cheung
and Sumaila [63]. While this assumption may influence the optimal fleet structure in the fisheries,
the overall trade-offs, presented in this analysis, should remain valid [65,67].
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5. Conclusions and Policy Recommendation

This analysis set out to shed light on the state of the coastal fisheries in Liberia, actions taken by
the Government to effectively regulate harvesting to produce at MSY, and secure access rights for the
SSF fishers aligned with SDG 14 targets 14.4 and 14 B.

The bio-economic model indicates that the shallow water demersals are overfished while most
other species are not fully exploited. The most likely explanation for the observed under exploitation is
the civil conflict in Liberia and the 2010 policy of extending the exclusion zone for trawlers. The coastal
fisheries were profitable in 2016 but the distribution of profits was skewed to the small-scale fleets.
ROIs were > 67% for the Kru and Fanti boats, while it was much lower (<7%) for the industrial
vessels. The poor performance of the coastal industrial fishery can most probably be attributed to
the introduction of zoning regulation in 2010, accompanied by increased enforcement. This seems
to have led to a redistribution of benefits from industrial to small-scale fishers and to changes in the
development of the coastal fleets.

It seems the Liberian Government zoning regulatory action taken in 2010 supplemented by
increased enforcement has been successful in attaining certain parts of SDG 14 and targets 14.4 and
14B, in terms of stocks rebuilding and increasing SSF access to coastal resources but probably at the
expense of economic efficiency.

There has in particular been an increase in the Kru fleet, which certainly is a contributing factor to
the overfishing of the shallow water demersals that are primarily targeted by this fleet. Other stocks
are underexploited, possibly because the SSF does not possess the appropriate technology to harvest
other species complexes.

The results from dynamic simulation indicate that the current fleet size will over time lead to
some stock decline in all species. Since both the Kru and the Fanti are currently operating with profits,
there appear to be substantial incentives for new investments in the coastal fisheries. Regulatory
actions, especially for the Kru and Fanti fleets, is therefore needed to manage the fishery sustainably.
Designing an effective policy is however quite challenging.

The three coastal fleets are designed differently and employ different harvesting technologies
targeting different species in different depths and zones. Some mixture of the different types or the
introduction of new technology as the current fleet structure seems unlikely to effectively utilize the
opportunities to expand fisheries of deep-water demersal and crustacean, i.e., crabs and lobsters as well
as shrimp. In this case, it seems introducing some changes to make it possible to exploit the valuable
coastal shrimp resources, while at the same time preventing interference between the industrial and
SSF which may lead to the conflict would be worthy. A successful policy must address the issue
of the SDG’s, access for SSF’s, sustainable management as well as the appropriate technology for
the utilization of the different categories of marine species available in the Liberian EEZ. This is a
considerable challenge.

Finally, this analysis acknowledges that the harvesting function (expression 6), assumed here,
restricts effort elasticity to unity i.e., 1% increase in effort leads to a 1% increase in the profits.
More flexible functional forms exist, e.g., the Cobb-Douglas production function e.g., [68]. Further,
surplus production models are restrictive in their assumptions and do not include factors that have
been shown to be important to management, e.g., the biological relationship between the size or
age composition of the stocks, e.g., [69]. Recent analyses e.g., [70,71] have shown, that when the
age-structured information is considered, optimal harvesting strategies may be different from those
found when optimization is based on conventional surplus production models. The simplicity of
the surplus production model makes it applicable in cases where data is scarce. This analysis is an
example of such a case where a bio-economic model can be estimated and realistic optimal harvesting
paths identified in a complex but data-poor fisheries context.
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