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Abstract: The main objective of stock assessment is to assure, in the long run, of the self-sustainability
of the stock. In this paper, we discuss fish stock assessment methods. We present the advantages
and disadvantages of each method discussed. Morden approaches to fish stock assessment include
multispecies, multi-gear and ecosystem approaches. However, most of these approaches are expensive
to apply in developing countries. Simple methods sometimes may perform as well as, or even
better than complex methods. We discuss the Gordon Schaefer (GS) model as an alternative method
for assessing fishery stocks in developing countries, with Malawi as an example of a developing
country. We review how the GS model has been applied globally in general and in Malawi in
particular. The review shows that most studies have concentrated on the calculation of maximum
sustainable yield or maximum economic yield leaving out other reference points. The use of all
reference points, including open access yield and optimum sustainable yield, is important in making
correct management decisions. Bifurcation analysis, calculation of annual sustainable production and
calculation of depletion are missing in most studies. Future research could focus on integrating the
use of all four reference points, bifurcation analysis and calculation of depletion as well as annual
sustainable production.

Keywords: bifurcation; Gordon-Schaefer; reference points; depletion; sustainable yield

1. Introduction

A fish stock is defined as a subpopulation of a species, which is considered as the basic taxonomic
unit which has common parameters such as growth, location and mortality [1]. Stock assessment is the
study of the abundance of a fish stock and possible consequences of different management systems.
Stock assessment helps to understand if the stock amount is within, below or above a target point in
order to determine if there is overexploitation or not. Stock assessment can also indicate if a catch level
will change or maintain the stock amount. Two directions of stock assessment are complex and simple
models. Complex models are used to conduct data-rich assessments while simple models are used in
data-poor assessments.

Morden approaches to fish stock assessment include multispecies, multi-gear and ecosystem
approaches. Another approach, called integrated analysis, is also used. Integrated analysis combines
several data sources and information into one analysis, by putting traditionally independent analyses
into a single analysis [2]. However, most of these methods are too expensive to apply in developing
countries like Malawi [3]. According to [4] traditional fisheries in Malawi appear to be stable when
analysed using multispecies methods yet are noted to be declining when analysed using single species
methods. Additionally, availability and accuracy of collected data in Malawi remains a challenge [5]
where catch and effort data is often the only source of data for conducting stock assessment. Therefore,
the use of data rich methods may not be an option. As pointed out by [6], simple methods sometimes
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may perform the same way as, or even better than complex methods. Besides [7] argued against using
lack of quality and sufficient data as an excuse for failure to manage fishery resources.

Malawi is a land locked country which has a total surface area of 118 484 km?2. About 20% of
the area (24 405 km?) is water which supports over 1000 fish species and about 15% of global fish
spcies. The three categories for the fisheries sector are capture fisheries, aquaculture and aquarium
[8]. The main sector is the capture fisheries since it contributes over 90% of total fish catch [9]. Five
major water bodies in Malawi are lakes Malawi, Chilwa, Malombe, and Chiuta, the upper Shire river
and the lower Shire river [10]. Lake Malawi has more fish species than any lake in the world [11].
Two divisions for capture fisheries are small scale, also called traditional or artisanal, and commercial
or semicommercial. Artisanal fisheries, which are mostly open access, contribute about 90% of fish
landing in Malawi and the target species are chambo (Oreochromis species), Utaka (Copadichromis
species), Kambuzi (Haplochromis species), Kampango (Bargrusmeridionalis), Usipa (Engraulicypris
sardella), and Mlamba (Clariid gariepinus). The fishing vessels for small scale fishers in Malawi are
peddle-powered dugout canoes and plunk boats while commercial fishers use engine boats, trawlers
or pair trawlers [11]. The fishing gears are chambo seine nets, gillnets, nkacha seine nets, kambuzi
seine nets, chilimira seine nets, handlines, longlines and fish traps [12].

Stock assessment in Malawi started in 1976 by the department of fisheries following advice from
FAO. Data on commercial fishery depends on trawler owners submitting monthly reports on catch
and effort records to the fisheries department. This is one of the requirements for their licences. Data
on small scale fishery is obtained through catch assessment system (CAS) and Malawi Traditional
Fisheries (MTF) introduced in 1976 and 1990 respectively [4]. The available data are mostly time series
records of catch and effort. Other forms of data are difficult to find. For example, age structure and
length frequency data do not exist [13].

For most developing countries the objective of fishery management is to ensure that fish stocks
are sustainable by maintaining maximum economic yield or maximum biomass yield of fish. Most
developing countries have failed to meet this objective due to observed declining trends [3]. Fish
management in Malawi has the same objective [14] where management strategy for the fishery includes
restrictions of the fishing areas, fishing gears and fishing time [4].

In this paper we discuss various stock assessment methods. We present advantages and disadvan-
tages of each method discussed. We also present application of the Gordon Schaefer (GS) model as an
alternative method to discuss sustainability of the fishery in developing countries including Malawi.
We review how the GS has been used globally, in general, and in Malawi, in particular.

2. Population Model

The general population model of the fish stock takes into account what would induce an increase
in the population and what would lead to a decrease [15]. Two factors which can lead to population
increase are recruitment and population growth. On the other hand, natural mortality and fishing
mortality, are two factors that lead to population decrease. However, most researchers have only
considered the fishing mortality as the factor that lead to population decrease. The general model of
the fish stock takes the form

Xip1 = Xi + G(Xy) — H(t) (1)

where X; is the stock size at time t, G(X;) is the growth generated by the stock and H(t) is the harvest
[16]. According to this model, the size of the stock in any given year is given by the sum of stock size
and growth for the previous year minus harvest for the previous year. By implication, if there were no
catches in previous year, the size of the stock will simply be the sum of the stock size and growth. If
G(X¢) = H(t) then the population stops growing and we say that the stock has reached an equilibrium
point.
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3. Stock Assessment

The main purpose of conducting stock assessment is to estimate the status of fish stock so that, in
the long run, there is self-sustainability of the fish stocks [1]. Stock assessment gives information on
the current status of the fish stock, what has been happening to the stock in the past, what is expected
to happen to the stock in future if there is no change in fishing levels as well as what will happen if
alternative management choices are adopted. However, not all stock assessment methods give all this
information.

Stock assessment methods can be described and classified in several ways. The classification of
stock assessment methods depends on whether the methods are qualitative or quantitative, determin-
istic or stochastic, equilibrium or dynamic, age based, or length based, biomass dynamic or analytical
models and whether they include stock-recruitment relationships or just make assessments per recruit
[17]. According to [1], the three commonly used stock assessment models are Surplus production
models, Empirical models and Analytical models.

Table 1 is shows advantages and disadvantages of common stock assessment methods.

Table 1. Benefits and limitations of common stock assessment methods.

Method Benefits Limitations References
. They can be used to forecast the These are fﬁla.ta rich models, 50

Analytical g they are difficult to implement

effects of effort, fishing gears, or . o [1,6]
Model mesh sizes on vield or biomass [T €ases where data availability

y is a problem

They are simple, quick and cost Their dependence on previous
Empirical S ’ . studies whose results may

effective since they use readily . [18]
Models . change; they do not estimate

available data

fishing effort

They are simple and they s
Surplus consider stock as homogeneous Z?fg:;i?;:ﬁtS;;fgol}z}si:}tiasﬂ_lsed
Production  biomass; they require simple thev ienore complexities ofg; o [1,19]
Models data such as catch and effort Y 1810 P &

data and spatial structure

They are simple just like surplus Where data is scarce, delay
Delay production models but they difference models offer no
Difference have additional advantage that advantaee to surplus production [6]
Models they account for both recruit and models & pusp

spawner effect
Length and . .
Ave-Based They make use of age and They require many observations [20]
M%) dels length specific information and include many parameters

3.1. Empirical Models

Empirical models are used as estimators to predict yield or production in lakes and reservoirs.
The idea behind these models is that production of fish is mainly determined by the level of primary
production in an aquatic system [18]. So, the prediction is made based on observed production from
water bodies in the same aquatic system or water bodies of similar characteristics. According to [1],
empirical models consider a variety of factors including morphometry of the water body (for example
lake’s depth, surface area and temperature), nutrient status (such as conductivity), fish age, water
chemistry, biological structures and functions. In other words, these are models which incorporate
environmental factors.

An example of empirical model is Morpho-edaphic index (MEI) originally developed by [21]. The
first application of this model was given by the following equation

Y = 14.3136( MEI)%4681 )
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where Y is the potential sustainable yield and MEI is morpho-edaphic index or conductivity (#umho
cm~! at 20 °C)/mean depth in meters. Recently there have been modifications to Equation 2 to include,
among others, lake surface area and temperature. The following equation gives an example of recently
modified model

log Y = 1.4071 + 0.3697 log(MEI) — 0.00005465A 3)

where A is the surface area.

Advantages of empirical models are that they are simple, quick and cost effective since they
use data readily available from previous studies. These models offer an easy way of obtaining a
parameter estimate when the parameter can not be measured directly since it is either difficult or costly
to measure [1]. They provide a preliminary estimate of potential fish production where there is no
actual production data.

Main disadvantage of empirical models is their dependency on previous studies whose result may
not withstand the passage of time. For example, the previously derived relationships may not continue
to hold especially when conditions change [18]. These models are also too restrictive since they require
that the water body being studied should be very similar to the one in the original database. Another
disadvantage is that the models do not give any idea of what is happening in the fishery, in terms of
stock changes, and they do not give an estimate of maximum or sustainable fishing effort, so that with
these models, it is not possible to understand the effects of changes in effort levels [1].

3.2. Analytical Models

Analytical models are used to estimate fish yield using catch and effort data structured with
length, age, growth and mortality parameters of the population. The two types of analytical models are
Beverton and Holt Yield per recruit model and Thompson and Bell model. Beverton and Holt model
deals with variables obtained from samples drawn from the commercial fishery while Thompson and
Bell model requires data obtained from total records of catch and total population size by age group
[1].

The Beaverton and Holt model is used to estimate fish yield per recruitment [6]. Its main
assumptions are that individual growth must occur uniformly and that the age at entry into the fishing
grounds must be known or obtained in advance [22]. The model considers age of the first capture
and age of recruitment. As expected, the numbers reduce due to natural mortality. Input data for this
model include age at recruitment, age at first capture, natural mortality rate and fishing mortality rate.

The Thompson and Bell yield model is used to predict yield on an absolute basis. This model
has both length-based and age-based versions. Age-based version is mostly applied in areas where it
is easy to do age determination. These are temperate regions and in the tropics. Input data for this
model include both natural and fishing mortality, total number of fish caught per year structured by
length, population size per length group and the mean weight of fish for each length group [1].

A major advantage of analytical models is that they are used to predict yield at different fishing
effort levels. Therefore, these models can be used to forecast the effects of effort, fishing gears or mesh
sizes on the yield or biomass. The main limitation for using these models is data availability since
they are data rich models. This is so because many fish stocks lack adequate data [1]. For example,
the Beverton and Holt model was applied in Malawi by Thompson and Allison to estimate biomass
of offshore pelagic fish of lake Malawi but most parameters were estimated from an equation due to
unavailability of data [23].

3.3. Surplus Production Models

The essence of stock assessment through surplus production model is that each fish species
has the ability to produce additional amount of fish, over its production capacity, which is called
surplus, and if only this additional amount of fish is harvested, then the fish stock will be able to live
sustainably [24]. Three surplus production models which are common are Gordon-Schaefer (GS), Fox
and Pella-Tomlinson models. The GS model is based on a logistic growth equation while Fox model
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and Pella-Tomlinson model depend on the equation of growth proposed by Gompertz and equation of
generalized production, respectively [25]. The GS model is the one that is very popular among all the
models.

Advantages of surplus production models include that they are simple and they take the stock as
a uniform biomass [1], they require simple data such as catch and effort which is easily available [19]
and they ignore the complexities of age and spatial structure and assumes self-regulating population
growth [1]. Limitations of surplus production models are that they include only a single species,
they ignore the age structure of the fish population [10], they require a long time series catch and
effort data, they assume stabilisation of fish stocks at a current rate of fishing and the ability of the
models to accurately describe fish populations depends mainly on the nature of the available data [1].
Despite these disadvantages, the models provide useful information for fisheries management. Surplus
production models are usually considered the most complete data-limited assessment methods since
they are the only methods that provide a full stock assessment [26].

3.4. The Gordon Schaefer Model

The bio-economic model, also called Gordon-Schaefer (GS) Model, was developed by Gordon
and Schaefer [10]. It is formulated as follows [27];

e =) (1 50 ) —qEC)x(0), X(0) = x @

where x(t) is the fish stock size or biomass of the fish population at time ¢, xj is the initial biomass
level, r is the intrinsic growth rate of fish biomass, g is the catchability coefficient, E(t) is the rate of
fishing effort at time t and K is the carrying capacity for the given population. The carrying capacity
K is the maximum population size which can be attained and the growth rate r captures mortality,
age-structure, reproduction and tissue growth [12].

By looking at Equation 1 we see that the harvest or yield in Equation 4 is given by

H(t) = qE(t)x(t). ©)

An equilibrium (or equilibrium point) of a dynamical system generated by an autonomous
ordinary differential equation is a solution that does not change with time [28]. The two equilibrium
points which are associated with Equation 4 are 0 and

Xegm = K( - l]E> (6)

r

which is positive provided that E < g When E > %, Xeqm is negative, and the population will get

reduced up until it goes into extinction.

The GS model gives the relationship between fishing activities and fishery stock biological growth.
It is also used to measure the potential economic value of fisheries resources in conservation areas [29].
Its assumptions are that growth rate is independent of age composition and is highest when the fishery
population is small, costs and prices of fish remain stable over time [30], the efficiency of the vessels
and gears remain the same, there exists no emigration or immigration in the fish population [25], there
are no species interactions, no environmental factors affect the population, g is constant, fishing and
natural mortality take place simultaneously [12]. Although many of these assumptions may not be
met in practice, if used critically the GS model is the powerful tool for stock assessment [12].

Substituting Equation 6 into Equation 5 gives the following catch equation which is also called

yield-effort function
22
H(E) :qEK(qu) _ gk — TKE 7)

r
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By dividing both sides of Equation 7 by effort (E) gives the following equation which is the relationship
between catch per unit effort (CPUE) and effort
H 7*KE

CPUE =7 =K — 1. (8)

Catch and effort data for some fishery in a given lake or reservoir and for a period of time (usually
in years) is usually collected from the database and studied. CPUE is calculated for each year (for all
the years under the study) and checked if it is increasing or decreasing. Decreasing CPUE over the
years is one of the indicators of overexploitation of the resource [10].

3.4.1. Parameter Estimation

Various parameter estimation methods are used when implementing the GS. The first method
is by regressing CPUE [31]. Multiple linear regression analysis process is done following [32] or by
using computer software such as SPSS. The dependent variable (y) is taken as the number of catches
per unit of effort next year (U;;1) divided by the number of catches per unit of effort this year (U;)
then reduced by the value of 1 [29]. The independent variable consists of two variables, namely the
number of catches per unit of effort this year (U;) and total fishing effort this year (E;). By comparing

y = a = bx; &+ cxp with (ultj;l—l> :r_qLKut_th
we see that

r=a, g=c and K:Cib. )

Another parameter estimation method, commonly called the CYP method, is also employed by using
the following equation [33]
In(Us1) = =2~ 1n(gK) + 2—" In(Uy) — =1 (E; + Ey11) (10)
L) T gy T T MR T T e
Additionally computer software programs, such as CEDA (catch and effort data analysis) [19,34] and
ASPIC [35], are used for parameter estimation. However, the regression method is recommended for
illustrative analysis [36].

3.4.2. Annual Sustainable Production

The GS model enables researchers to make a comparison between actual catch and sustainable
catch each year. Using values of biological parameters in Equation 9 and effort for each year, the
estimation of a sustainable production function is done by using Equation 7 [33]. The results of
sustainable production each year is compared with actual production in that year. If the actual catch
is greater than the sustainable production, then this is the sign of overexploitation especially if this
happens in more years. Using sustainable production function two curves are drawn in the same
axes, one for actual production and another one for sustainable production, to display the differences
between the two in each year [24].

3.4.3. Depletion

Depletion is important because it provides more accurate reflection of how much fishery resources
have been lost. Depletion is found in monetary terms by calculating corresponding depreciation.
According to [33], the formulas used are as follows:

Total Revenue (TR(E)) = Average Real Price x Actual Catch (11)

Total Cost (TC(E)) = Average Real Cost x Effort Per Trip (12)
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Unit Rent= ———— 13
it ien Actual Catch (13)
Depletion Per Ton = Actual Catch — Sustainable Catch (14)
Depreciation = Average Unit Rent x Depletion (15)

3.4.4. Reference Points

In fisheries management, reference points, also called exploitation levels or management indi-
cators, are used depending on the aim of management. We discuss four reference points for the GS
model, namely the maximum sustainable yield (MSY), maximum economic yield (MEY), open access
yield (OAY) and optimum sustainable yield (OSY). MSY is a biological exploitation level while the rest
of the reference points give economic situations.

Maximum Sustainable Yield (MSY)

The most common fishery reference point is based on maximum sustainable yield (MSY). This is
the greatest amount of catch or yield that can be removed while keeping the stock sustainable. MSY is
generally used to biologically conserve fishery stock [30]. Long term fishing at levels beyond MSY
leads to stock depletion.

For the GS model the effort at MSY is given by

r
EMSY = Z . (16)

The sustainable yield is given by the equation

rK
hmsy = (17)
and the biomass level at MSY is given by
K
XMsy = 7- (18)

Parameter estimation is done as explained in sub section 3.4.

Maximum Economic Yield (MEY)

Another reference point that is considered is Maximum Economic Yield (MEY). Unlike at
MSY where the profit margin decreases, at MEY the maximum profit is made through fishing [30].
Economists prefer MEY to MSY because MSY is only used to biologically conserve fish stocks while
MEY is used to increase profit as well as to biologically conserve fish stocks. However, [30] indicated
that despite the claims, the advantage of having MEY over MSY is not obvious. Some studies have
also indicated that having MSY can actually provide more economic output than MEY since MEY only
considers individual fishing fleets while MSY is for the whole fishery [31].

For the GS model, the effort level that maximizes the net revenue is found by the equation

r C
Fuey = 55 (1 B qu) 19)

where p is the price, c is cost and , K and g are biological parameters explained in sub section 3.4.
The associated biomass level is given by

K
XMEY — 2<1+quK> (20)

d0i:10.20944/preprints202501.1116.v1
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To find the harvest level, or yield, at MEY we use the Equation

2
ey = % <1 - <chl<) ) 1)

Estimation of biological parameters 7, K and g is done as explained in sub section 3.4. Cost and
price data is obtained through a field study.

Open Accesss Yield (OAY)

Where there is no fisheries management, another reference point exists. This is called Open Access
yield (OAY) where there is little or no restrictions on fishing. Under this reference point there are many
negative externalities, which means uncontrolled fishery leads to what is called tragedy of commons
[31,37]. Unlike MSY and MEY, normal profit is obtained at OAY and as a result many fishers are kept
in the fishing business and others are attracted to join the industry [30]. OAY is associated with high
effort and low catch compared to both MSY and MEY [38] giving zero sustainable net revenue. This
results into economic overfishing [27].

For the GS model effort at OAY is given by

r C
Eony = “(1- -5 (22)
o Ty ( P‘iK>

provided that pgK > c.
The biomass level associated with Ep 4y, is given by

c
X0AY — —- (23)
pq
The harvest at OAY is given by
rc c
h = — <1 — ) (24)
O T pg " paK

When more effort is exerted at OAY than the one exerted at MSY, the harvest at OAY exceeds
harvest at MSY resulting in xp 4y < xpmsy [27]. This situation is known as biological overfishing and, as
a result, we have depletion of the resource. Therefore, OAY fishing regime can lead to both biological
and economic overfishing.

According to [27] the relationship between effort and stock size is that when the stock is low
effort must be high. The net revenue is the difference between total sustainable revenue (TR =
price (p) x catch (h)) and total cost (TC = cost (c) X effort (E)):

sustainable net revenue = ph — cE = pgEK (1 - qf) —cE. (25)

Optimum Sustainable Yield (OSY)

The first three reference points MSY, MEY and OAY are static and the fourth reference point,
which is the dynamic equilibrium condition, exists. It is the Optimum Sustainable Yield (OSY). OSY
considers effects of discount rate on fish stocks, fishing effort, harvest and sustainable net revenue [27].

Most analysis done on the static model in 4 rely on the notion of equilibrium. However, in
real sense, equilibrium is a situation which is never attained for most systems due to changing
environmental factors [27]. This calls for the need to supplement equilibrium-based or static methods
with dynamic analysis to take into account the complex nature of the fishery.

Optimal control is a very useful tool in mathematics and has its applications in different fields,
such as aerospace, bioengineering, robotics, finance, economics, biology and ecology.

According to [39] the dynamic optimization version of the GS model is given by
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MAXe](E) = [ (pax(t) - )E(t)dt

subject to d%(tt) = rx(t) (1 - xK> —gE(t)x(t), x(0) =xo

0< E(t) < Enax  (26)

where E;;qy is the maximum effort capacity. The aim of the model is to determine the effort strategy
E(t) that results in the largest possible economic benefits according to the present value integral | of
26.

OSY is the level of effort that maximises the net income, rent or profit. This level of effort
maximises the economic profit, or rent, of the resource being utilized. Generally, effort level at OSY is
less than effort level at MSY.

According to [27] the positive optimal biomass level is

. K c 4 ¢ 6\* 86
S (”;qur)*\/(”qur) * park 7

where K is carrying capacity, c is cost per unit effort, p is price per unit harvest, g is catchability

coefficient, J is discount rate and r is natural growth rate.
Using Equation 4 the effort level corresponding to x* is given by :

E*—;<1—’;>. (28)

The associated yield or harvest level is
h* = gE*x*. (29)
The optimal annual sustainable net revenue is given by
7T = ph* — cE". (30)
Therefore, parameters of the dynamic reference point OSY are E*, x* and h*.

3.4.5. Bifurcation Analysis

A system in Equation 4 is a dynamical system since it describes evolution of systems in time. Just
like all dynamical systems, the system in Equation 4 has a state for every point in time, and this state is
subjected to some rule which determines future states from the initial or current state. The dynamics of
the system describes what is happening in terms of whether the system becomes fixed, settles down to
equilibrium or fluctuates chaotically [40]. Bifurcation is an occurrence whereby only a small change is
enough to move the system from one state to another. In other words, a bifurcation is the change in the
stability properties of a dynamical system, including the change in the number of equilibrium points,
if a parameter is changed. A bifurcation point is the value of the parameter where there is change in
stability dynamics [27].

The state dynamics of the model in Equation 4 has two equilibrium points namely 0 and xem =

E
K( - qr) . The bifurcation point is given by E = % This gives the number of trips per year for the

fishery.
Following [27], to conduct bifurcation analysis we compute both the equilibrium point x4, and

. . . r . . .
the bifurcation point E = —. Then we sketch three solution curves the first one corresponding to

the bifurcation point, the second one corresponding to a value below bifurcation point (look at x5y
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and xppy) and the last one corresponding to a value above the bifurcation point (consider x5y +

v
—). For any biomass level xg > 0, each solution curve shows whether the population approaches the

equilibrium point 0 or xeq,. The population that approaches x4, (or any positive value) is the one
which can persist while the one approaching 0 will go into extinction. Therefore, we are able to tell
whether fish stocks exploited at bifurcation point, below bifurcation point or above bifurcation point
will persist or go into extinction. The solution curves also show stability of the system. So, from the
solution curves we are able to tell whether the dynamical system is structurally stable or unstable.

3.4.6. Tax Policy

Implementation of tax policy is one of the ways that are used to regulate the fishing industry.
The types of tax policies include landing tax, effort tax and entry tax. The following are the formulas
respectively as derived in [41]

T—p_ CEMSY, (31)
hmsy
= Phusy (32)
Emsy
and
T = phpsy — cEpsy (33)

where T is the tax, p is price, ¢ is cost, E is effort and / is harvest.

3.4.7. Management Advice

The GS model is a bioeconomic model since it describes both biological and economic nature of
the fishery. It is used to determine both biological and economic parameters of the given fishery. By
calculating maximum sustainable yield, the model shows whether catch levels can sustain the fish
population. If it is determined that the catch levels can actually lead to extinction of the species under
study, the management advice given is to put catch limits. Calculation of maximum effort under MSY
and MEY shows effort levels which can sustain the population and effort levels which are profitable
to the fishers, providing greatest net revenue [27]. Restricting fishing areas, fishing gears and fishing
times can help reduce both catch and effort in the fishery [4]. Implementation of closed seasons ensures
stock recovery in the long run. When the fish population increases, fishers incur less costs since they
can easily catch fish with less effort [14]. As a result, the objective of maximising economic benefits is
made while ensuring sustainable fish population. Bifurcation analysis shows whether it is sustainable
to harvest the resource with effort at, below or above the bifurcation point. Tax and licence regimes
are some of the management actions which can be proposed to ensure long term sustainability of the
resource.

3.5. The Fox and Pella-Tomlinson models

The Fox model is based on Gompertz growth model and its equation is [12];

Bt-l—l = Bt + T’Bt (1 - 1;;?;) - Ct (34)
where B is the biomass, r is intrinsic rate of population increase, K is carrying capacity and C is catch.
The difference between Schaefer and Fox Models is that the former assumes that as a result of high
effort level the stock can get totally exhausted and yield becomes zero while the latter assumes that
extreme effort level cannot result into stock getting totally exhausted up to extinction [1]. However,
the two models have no major difference between them.
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The following equation is the Pella and Tomlinson model [12];
dB rB™

where B is biomass, K is carrying capacity, r is intrinsic growth rate and m is called shape parameter
[6]. This is a generalised production model [19] which takes any form including that of the GS when
m = 2 and Fox when m = 1. One limitation of Pella and Tomlinson model is that one must estimate
an additional parameter m. As a result, this model is not more useful than GS and Fox since the
relationship between performance of the models and the number of parameters to be estimated is
often inverse [12]. The preceding discussion perhaps is the reason why the GS model is the most used
model among all surplus production models.

3.6. Other Stock Assessment Methods
3.6.1. Delay Difference Models

Delay difference models are an extension to surplus production models by including some biologi-
cal parameters such as age and size of the population [20]. They differ from surplus production models
because they also model age-structured dynamics and the lag between spawning and recruitment but
they are not formal age or size structured models since they use simple assumptions of growth and
survival. Minimum data requirements for delay difference models include time series of catch and
effort data. Other biological information may be included as data or may be modelled. According to
[6] delay difference models can be expressed using these two equations:

By = sp_1aN;—1 + 5t-1pBi—1 + WiRecruit ageRt (36)

and
Nt =5 1N;_1 + Ry (37)

where B is the biomass, R the recruitment, N the population number, Wtgecruit age the weight at age of
recruitment and t an index of time. « and p are parameters of the growth equation:

Witage = & + pWtage 1. (38)

Delay difference models share advantages of surplus production models including that they are
easy to implement [6]. They have an additional advantage that they account for both per recruit and
spawner effect [20]. However, in data-poor assessments, delay difference models offer little or no
advantage over surplus production models since they require extra information [6].

3.6.2. Virtual Population Analysis

Virtual Population Analysis (VPA) is stock assessment method which calculates past stock abun-
dances by considering stocks in the past without any assumptions. VPA is also called cohort analysis.
The basic model for the VPA, according to [42], is

X1 =X =G — N (39)

where X, is the fish population next year, C; is catch this year, X; is population this year and N; is
natural mortality this year. Data requirement for VPA include effort and weight-at-age data, catch-
at-age and age-specific abundance indices [43]. Assumption of VPA include that there is no error in
collecting and measuring catch data [6]. The main limitation for using VPA methods is that they are
data intense [17] since they require quality and complete data which is not available for most stocks.
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3.6.3. Length- and Age-Based Models

Length based models are used to estimate abundance and fishing mortality at length given
growth parameters and assumptions on natural mortality and catch length frequency distribution
from a population which is assumed to be at equilibrium. Beverton and Holt and Thompson and Bell
discussed above are examples of equilibrium length-based methods. According to [6] age structured
methods have been applied to crustacean stocks in place of catch at age and virtual population analysis
(VPA) based methods in which there are problems with ageing. There are also models which integrate
both age and length data, but such models are more complicated than age based or length-based
models [20]. Advantage of length-based or age-based models is that they make use of age and length
specific information [6]. Their disadvantage is that they require many observations and include many
parameters [20].

3.6.4. Time Series and Forecasting

Forecast is a prediction of some future event or events. Most forecasting problems involve the
use of time series data. A time series is a sequence of observations on a variable under consideration.
There are three ways which are most widely used to conduct time series analysis. These are smoothing
models, regression models and general time series models [44]. Regression models explain changes
in fishery variables such as catch and recruitment in terms of changes in various biotic variables,
for example spawning stock, or abiotic variables such as fishing effort and climate change [40]. The
formal basis of most regression models is the method of least squares. Smoothing models use a simple
function of previous observations to provide a forecast of the variable under consideration. The general
time series models use the properties of the historical data to derive a formal model and then estimate
parameters which are unknown (mostly) by least squares. The general time series models include
autoregressive (AR), moving average (MA) and autoregressive integrated moving average (ARIMA)
models [44].

Forecasting is important because the prediction of future events helps in planning and decision-
making process [44]. However, it is difficult to forecast accurately [40] since good predictions are not
always easy to achieve [44].

4. Studies on Stock Assessment and Application of GS model

Stock assessment has been done across the globe in order to determine if yearly catches can
sustain the stocks forever. Most studies have employed surplus production models, where catch and
effort data analysis (CEDA) was conducted [34,45,46]. The most common surplus production model
used is the GS model [1,6,29]. Although most research work reported overexploitation of the fishery
resource, they fail short of explaining the depletion in monetary values called depreciation of the
resource [24,47-49]. However, work by [33], which considered both MSY and MEY, has analysed
fish depletion by comparing the potential sustainable yield and actual production. Depreciation was
calculated in terms of monetary loss due to depletion. This research was conducted in Indonesia.

Application of the GS model to determine biomass, yield and effort on all the four reference
points, MSY, MEY, OAY and OSY, has not been widely done. Most studies have considered MSY only
([3,24,50-54]) with other studies doing both MSY and MEY ([35,45,47,49,55]). Some studies considered
three reference points of MSY, MEY and OAY ([29-31,48,56-58]). Research by [27] considered all the
four reference points. OSY was considered by looking at the effects of discounting on biomass, effort
and harvest or yield. This study, which was conducted in Ghana, also considered bifurcation analysis.
Bifurcation analysis of dynamical systems helps understand how the system behaves and find out
possible causes of the system’s behaviour by reporting on the occurrence and changes in stability of
equilibrium points and helping to model these changes and transitions from stable to unstable case
as some parameters change [59]. Bifurcation analysis performed helped the researcher to determine
sustainable effort levels for the fishery. Another study by [41], conducted in United States of America,
also considered all the four reference points. They also calculated different tax policies to be imposed
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on fishers. The imposition of prohibitive tax in form of licence fees has been suggested by [60] as one
of the ways which can help to sustain the fishery.

Table 2 is a summary of the articles retrieved in this review. It includes countries where studies
were conducted, reference points considered, whether bifurcation analysis was conducted, whether
depletion was calculated and whether annual sustainable production was calculated.

In Malawi various methods have been used to assess fish stocks of different species in lakes and
rivers. For example [5] analysed catch and effort data between 1976 and 1999 in Nkhotakota district.
This study established that there was an increase in the number of boats, especially those without
engines, total catches and effort for some fishing gears and decrease in CPUE for other gears. Similar
results were obtained by [8]. However, these studies failed to use GS or Fox model to do further
analysis due to large fluctuations exhibited in the catch and effort data [5]. As a result, the studies
failed to propose any management strategies for the fishery. However, the studies recommended
maintaining effort levels coupled with accurate data collection and reporting.

Time series models have been used to forecast future catches for different fish species using catch
data from the lakes in Malawi. Time series methods which include Holt exponential smoothing [61],
Autoregressive (AR), Moving Average (MA), Autoregressive Integrated Moving Average (ARIMA)
models have been used to select appropriate model for the forecast [62]. Most studies have selected
ARIMA(p, d, q) model as the appropriate model to conduct the forecast [63,64]. Results of these studies
are mixed with some studies predicting an increase in catch after some years [61,62,64] and others
predicting a decrease in fish catch after several years [63,65]. While these studies provide information
on increase or decrease of fish catches, they fail to relate the catches to the amount of effort exerted. As
a result, it is difficult to know how much effort is required to be exerted in order to achieve sustainable
catch.

Work on stock assessment using GS model in Malawi include [7] in which catch and effort data
was used to analyse CPUE and MSY. Some studies considered both MSY and MEY [14,60] while
other studies considered the three reference points of MSY, MEY and OAY [10,36]. Chambo is the most
studied species particularly because of its importance as food and its significance in Malawi’s economy
[7,10,14]. Other species are usipa [60] and mbuna [36]. All these studies have reported overexploitation
of the species under study but the studies have not clearly given an account of what was lost in terms
of depletion and depreciation. Again, these studies have not considered the OSY reference point and
bifurcation analysis was not performed. In addition, the cited studies have not discussed the stock
assessment of other important species such as mlamba, kampango, kambuzi and utaka.
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Table 2. Studies on Fish Stock Assessment using Gordon Schefer Model.

Country MSY MEY OAY OSY Bifurcation| Depletion ASP References
Egypt Yes No No No No No No [50]
Egypt Yes No No No No No No [52]
Egypt Yes Yes No No No No No [45]
Egypt Yes No No No No No No [66]

Indonesia Yes Yes No No No Yes Yes [33]
Indonesia Yes Yes Yes No No No No [29]
Indonesia Yes Yes Yes No No No No [58]
Indonesia Yes Yes Yes No No No No [571]
Indonesia Yes No No No No No Yes [24]
Indonesia Yes No No No No No No [67]
Oman Yes No No No No No No [47]
USA Yes Yes Yes No No No No [56]
USA Yes Yes Yes Yes No No No [41]

Morocco Yes No No No No No No [3]
China Yes Yes Yes No No No No [31]
Ghana Yes Yes No No No No No [39]
Ghana Yes Yes Yes Yes Yes No No [27]

Pakistan Yes No No No No No No [34]

Pakistan Yes Yes No No No No No [35]

Pakistan Yes No No No No No No [25]

Pakistan Yes No No No No No No [68]

Pakistan Yes No No No No No No [19]

Pakistan Yes Yes Yes No No No No [30]

Zanzibar Yes Yes No No No No No [53]
India Yes No No No No No No [51]
India Yes Yes Yes No No No No [38]

Iran Yes Yes No No No No No [46]
Kenya Yes Yes No No No No No [48]

Malawi Yes Yes No No No No No [60]

Malawi Yes No No No No No No [7]

Malawi Yes Yes No No No No No [60]

Malawi Yes Yes Yes No No No No [36]

Malawi Yes Yes No No No No No [14]

5. Conclusions and Recommendation for Future Research

This paper has highlighted various fish stock assessment methods. It is difficult to implement data
rich methods such as analytical models and age and length models in developing countries including
Malawi because, in general, accuracy of collected data in Malawi is a challenge. Delay difference
models, with data scarcity, do not offer any advantage over surplus production models. Empirical
models and time series models have a common disadvantage that they do not estimate optimal fishing
effort. We therefore recommend surplus production models to be used in Malawi. Although these are
simple models, they can perform as well as or even better than complex models.

There is no major difference between the GS model and the Fox model except that the former
assumes that, with high levels of effort, the stocks can get totally exhausted leading to zero yield, an
assumption which is not true with the latter model. One limitation with Pella and Thomlinson model
is that it requires estimation of additional parameter. Therefore, we recommend the GS model as the
surplus production model to be used in Malawi. Depletion and depreciation of the resource should be
calculated in order to give an account of what is being lost in monetary values. We recommend the use
of all the four reference points, MSY, MEY, OAY and OSY to describe biomass, yield and effort. We
also recommend bifurcation analysis to be done in order to determine optimal fishing effort. Future
research on GS should integrate use of all four reference points, bifurcation analysis and calculation of
depletion and annual sustainable yield.
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