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Abstract

The Nile perch fishery of Lake Victoria is regulated with a slot size and
with restrictions on legal gear sizes. This study provides an assessment of the
10 effectiveness of the the slot size regulation by simulating the Nile perch fishery
with a size structured population model where the size preference of the fish-
ery is an input into the model. The model is compared to the size structure
of the Nile perch population from three empirical surveys to find agreement
between the model, the bottom-trawl and the catch assessment survey, while
15 the hydroacoustic survey predicts a different population structure. The em-
pirical fishing mortality is 2.0% above the value that produces the maximum
sustainable yield, given the empirical fishing fleet selectivity. Next to the ac-
tual fleet selectivity, three alternatives are simulated to quantify the effect of
the selectivity. We find that the annual yield could be increased by 17.7% by
20 sparing fish below 50cm.
Keywords: Nile perch, size-structured population model, maximum sus-
tainable yield, fleet selectivity, slot size
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1 Introduction

The size structure plays a significant role in the assessment of a fish stock and the
sustainability of its fishery. The size structure describes the relative frequency of
the fish sizes in the population. For fish, age and size are tightly coupled - even
so far that a population can be described equivalently by the age or the size struc-
ture. Only fish of a certain size are mature and can reproduce; those play a crucial
role for the reproductive capacity of the population. Additionally, the fecundity in-
creases strongly with weight, therefore the oldest (and largest) fish have the highest
per-fish contribution to the reproduction (Barneche et al., 2018} |Andersen, [2020).
At the same time, their percentage in the population is so low that the bulk of
the spawning stock biomass consists of medium-sizes fish (Andersen et al., 2019).
Every fishery needs to optimize the trade-off between maintaining the reproductive
capacity of the stock (conserving large fish) and allowing the juveniles to reach the
reproductive state (conserving the young fish). If the fishery threatens the repro-
ductive capacity of the stock, one speaks of “recruitment overfishing”, while fishing
juveniles before they reach the economically most efficient size is called “growth
overfishing” (Diekert} 2012).

In Lake Victoria (LV), a slot size regulation of 50 to 85cm was introduced os-
tensibly to protect immature fish, harvest mature individuals and at the same time
protect the larger females (Njiru et al., |2009). The inception of slot size restrictions
led to the landing of bigger-sized fish but resulted in a drastic decrease in the spawn-
ing stock biomass (Nyamweya et al., [2012)). However, the upper slot size limit was
lifted in the lake’s Ugandan and Tanzania parts, potentially threatening the large
individuals (super spawners) which are fished for fish maws (Brierley, 2018). These
recent actions require assessments of the importance of the higher reproductive value
of large fish in Lake Victoria.

The investigation of the selectivity of the gear types used in the Nile perch fishery
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provides the possibility to use the model to simulate the effect of different fishing
policies. While policymakers often know the ideal outcome, they have few tools
to forcast the effect of gear type restrictions on the stock and on the reproductive
capacity of the stock. The simulations thus provide a quantitative basis for pol-
icymakers to better understand the trade-off between conserving the old, fecund
population and sparing the young fish to maintain the reproductive capacity for the
future. Optimizing the maximum sustainable yield (MSY) in the simulation can
point to the optimal use and combination of gear types to catch fish of a high value
(weight or price) while maintaining the crucial capacity of the stock to regenerate.

Nile perch (Lates niloticus; 52% of LV fisheries’ beach value in 2015; LVFO,
2016) and the silver cyprinid dagaa (Rastrineobola argentea; 32% of beach value
with 65% of total landings in terms of mass) are the most important species for
economic income and for food security and protein intake (LVFO, 2016; Njiru et
al., 2018; Aura et al., 2020). Nile perch is the top predator in the system and
feeds on dagaa and haplochromines as evidenced by stomach content analysis (Njiru
et al., 2009). Certain parameters in the model which is used in this study rep-
resent characteristic features of the ecosystem, therefore this study complies with
the Ecosystem Approach to Fisheries Management which has been demanded as a
necessary paradigm shift for sustainable management of the African inland lakes

(Musinguzi et al., 2016; Link et al., 2020).

2 Literature Review

A simple population model would deal with an unstructured population where the
total biomass of the population is the main variable. With such models, Downing
et al.| (2013a)) found that the delay of the Nile perch upsurge could come from mere

logistic growth, and jvan de Wolfshaar et al| (2014), with an unstructured predator-
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prey model, studied the imbalance between Nile perch and Haplochromines in a
cascade and a depensation scenario. As the next step in complexity one can consider
the two-stage models that distinguish between juvenile and adult fish. Using such
an approach, Downing et al.| (2012) and Natugonza et al.| (2016) studied the trophic
position of juvenile and adult Nile perch in the food chain of Lake Victoria through
simulations in the Ecopath framework (Christensen and Walters, [2004)).

Nile perch is a species with life-history omnivory, i.e. the diet changes across
lifetime, therefore the prey size depends strongly on the life stage. Models where the
population is continuously structured in the size variable, so-called size-structured
models, are well fit to incorporate the size-dependent predator-prey relationships.
With size-structured models, Downing et al.| (2013b)) studied the dependency of the
Nile perch population on the resource structure, and van Zwieten et al.| (2016]) found
that the switch from haplochromines to a Nile perch dominated food web might
have come from a eutrophication-triggered failure in the haplochromine recruitment
rather than merely from fishing pressure or the Nile perch population alone.

This paper also uses a size-structured approach, but applies another modelling
framework to the Nile perch population. It uses the framework developed by An-
dersen| (2019), where the growth and feeding equations are derived from biological
scaling laws. The framework is considered to be sound in its theoretical grounding
and through its generality flexible enough to be applied to multiple situations and
fish stocks and allows to make predictions under different fishing patterns.

In the literature, most of the MSY estimates which we found, date back to
previous decades, with the exception of |Aura et al| (2020)), who use survey data
from 2009-2018 to calculate the standing stock biomass of Nile perch in Lake Victoria
(553,770t in 2018) and recommend to reduce the yield by 40% to achieve MSY at
86,096 t, based on a Schaefer model. For the period 2005-07, Kayanda et al.| (2009)
estimates a Y/B ratio of 0.44 at B=579kt. They use the formula MSY = 0.5-(Y+M-



105

110

115

120

B) to estimate the MSY from data of the annual yield Y, the natural mortality M and
the biomass B; they find a MSY value of 323 kt/yr (1999-2001) and 212 kt/yr (2005-
2007). Kyomuhendo (2002)) use an economic model to estimate the MSY and MEY
from data of 1975-2000 and find MSY=306.9 kt/yr and MEY=285.9 kt/yr. Using
a non-equilibrium Schaefer surplus-production model and catch-effort data, |[Pitcher
and Bundy (1995) find, for four scenarios, MSY values between 278.6-489.0 kt/yr.
For the standard effort scenario, they find the MSY between 269.6-317.6 kt/yr.

3 Model

Basic assumptions. The model is based on the following assumptions: The relevant
entity in the population is the individual fish; the population dynamics follow from
the life history of the individual fish. The individual fish has a bioenergetic budget;
growth, reproduction and non-predation mortality rates follow from it. Fishing
is a size-selective process; its targets fish in a specific size range and leads to an
additional mortality. We consider the population to be in a (dynamic) equilibrium,
no time-dependent processes were simulated. We study the maximum sustainable
yield assuming full enforcement of the policy.

Mathematical formulation. Let wu(t,w) be the population density at time
t and weight w (u : R X [wy, W) — [0,00); wp, Weo € RT). u(t,w)dw is the
number of fish in [w,w + dw]. Let g(w) denote the size-dependent growth rate
(g : [wo, Ws) = (0,00)). u(w) is the mortality which is the sum of the biological
and the fishing mortality (i : [wo, W) — (0,00)).

The evolution of the population is described by the McKendrick-von Foerster

equation (McKendrick, [1925; von Foerster, |1959) with

0

%u@, w) + 2= (glwult,w)) = —p(w)ult, v) (1)
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Figure 1: Top: size structured Nile perch model with recruitment, mortality, growth,
maturation and reproduction (Andersen| (2019)). Bottom: Example selectivity of
the fishery.

The Dirichlet boundary condition is given by the recruitment flux f, which is a

functional that can depend on the total population.

u(0,w) = up(w) on [wy, We) (2)

u(t,wo) = f(u(t,w)) on [0, Tral (3)

In equilibrium u(¢,w) is replaced by u(t)(u : [wy, W) — [0,00)) and the ordi-

nary differential equation can be solved readily:

L (glw)u(w)) = —pw)uw) 0

u(wo) = f(u(w) )
u(wo)g(wo) _ [ )

u(w) = ) exp < L w)d > (6)



125 The biphasic growth model (Andersen, [2019) is defined by

1= b)) ] 7)

with the growth parameter A € R, the maturation rate ¥, : [wo, W) — [0, 1] and

g(w) = Aw"

the metabolic exponent n € Rt n ~ 3/4.

The mortality is

p(w) = po(w) + pr(w) (8)

which is the sum of the natural mortality,

po = aAw™ 9)

130 with physiological mortality a € RT) and the fishing mortality

pr = Fp(w) (10)

where ¥p : [wy, Wa) — [0, 1] denotes the fleet selectivity, and F' € RJ the fishing

mortality. Then, for given F, the solution of eq. (6) is

wo g(w)

w(w; F) = M exp (_ /“’ po (W) + pr(ﬁ))dw) (1)

Derived quantities. The following derived quantities are relevant.

Spawning stock biomass (SSB: R — R{)

SSB:/ oou(w;F)wwm(w)al’w (12)

0



135 Reproductive output (R, : Rf — Ry)

R,=LR.,,SSB (13)

Wo
Recruitment (R : Ry — Ry, Rina: € RY)

Rmax Rp

R= T + 1, u(wo)g(wo) (14)
Catch distribution
C(w) = Pu(w; Fyuwis(w) (15)
Yield
Weo
Y(F) = F/ u(w; F)wp(w)dw (16)
wo
Maximum sustainable yield
MSY = mgXY(F) (17)

140 and the fishing mortality that leads to MSY
Frysy = arg max Y (F) (18)
For a thorough discussion of these quantities the reader is referred to |Andersen
(2019). For the analysis, the integrated growth is compared to the widely used van

Bertanlanffy growth equation

L(t) = Loo(1 — exp (=K (t — 1)) (19)
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which can be converted to weight used the weight-length relationship

w = cL’ (20)

with the parameters ¢ and b (see appendix).

4 Materials

The fisheries research institutes (NaFiRRI, TAFIRI and KMFRI) and the LVFO
regularly conduct bottom trawl surveys, where measurements at up to 80 stations are
taken, with a focus on shallow regions (Kayanda et al., 2009; Mgaya and Mahongo,
2017). Usually, 30-minute trawls with a trawler speed of around 2.5-3.5 knots are
taken (R. Kayanda, pers. comm., Sep. 2020). The trawls are fully selective for fish
from about 10cm to 40cm (Kolding et al., [2008]). It is subject to a current discussion
whether the trawl technique has a lower selectivity for fish larger than 40cm because
they might be capable of escaping the trawl as their swimming speed is comparable
to (or higher than) the trawl speed. Indeed, the number of large specimen is very
low in the trawl surveys, although a few ones are caught. For more information, see
Kolding et al.| (2008).

Hydroacoustic surveys use underwater sound to detect, enumerate, and measure
the distribution of fish (LVFO| 2019). Currently, the acoustic surveys are used to
estimate fish quantities in Lake Victoria. These surveys form an important part
of routine stock assessments and enable large areas to be surveyed at high spatial
resolution in a relatively short period. The estimates of abundance and distribution
can then be used in assessment models to provide estimates of sustainable yield
(Perivolioti et al., 2020)). Nile perch are strong acoustic targets, distinguishable

as ’'single targets’ (i.e., not in schools), hence easy to assess through echo count-
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ing. The relative strength of individual echoes is a derivative size of Nile perch
(total length), which is determined using the single targets algorithm in Echoview
(Echoview Software Pty Ltd., 2016) following the established target strength-total
length relationship (Kayanda et al., 2012). Acoustic estimates of Nile perch size are
‘ground truthed’ by reference to samples obtained by trawling. However, in some
years, there are discrepancies in size structures determined using the acoustics and
trawling methods.

The Lake Victoria Fisheries Organization (LVFO) conducts regular Catch As-
sessment Surveys (CAS). Between 2005 and 2015, fifteen CAS were carried out
at 143 pre-selected landing sites in Kenya, Tanzania and Uganda (LVFO, [2016).
Those are approximately 10% of the landing sites at the lake. The CAS are con-
ducted under regionally harmonised Standard Operating Procedures (SOPs). The
CAS provide the partner states within the East African Community (EAC) with
data monitoring the fisheries and the exploitation of the fisheries resources. They
provide information about the catches, the effort, and the catch per unit of effort
(CPUE). The harmonized fisheries data collection conducted by EAC through the
LVFO also include bi-annual Frame Surveys (FS). In these surveys, information are
collected to indicate the effects of the fisheries management and of interventions as
well as baseline data for fisheries planning and development. This includes the num-
ber of landing sites, of fishers, and of gear and craft combinations by target species
(LVFO, 2017)). At each location, craft/gear combinations are randomly sampled by
the field enumerator and field data are recorded in harmonized data forms. For each
effort group (craft-gear combination), the mean fish catch rates by species (kg per

boat per day) is estimated.

10
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5 Methods

5.1 Length and weight

Most empirical spectrum measurements are designed as length measurements, e.g.
bottom-trawl and hydroacoustic surveys. The spectrum in the length domain is,
however, not identical to the spectrum in the weight domain, as they are related
by the non-linear relationship w = c¢L’. A mathematically derived relationship was
used to convert from one to the other spectrum. It is described in the Appendix

and was validated against the method LBNbiom (Edwards et al., [2017)).

5.2 Fisheries Reference Points

Reference points are a measure of the resilience of a stock with respect to fishing
(Andersen) 2019). They can be target points (goals) or limit points (thresholds to be
avoided) and they can refer to the biomass of the stock or to the exploitation level
(fishing mortality). The central reference point is the point of maximum sustainable
yield, which denotes the maximal annual catch in equilibrium. The fishing mortality
that corresponds to the MSY situation is denoted with Fj;sy. A discussion of M SY,

its possible problems and other reference points can be found in |Andersen| (2019).

5.3 Numerical equilibrium spectrum

The equilibrium of the McKendrick-von Foerster equation is calculated using the
R library fishsizespectrum [[} It involves a numerical discretization scheme with the

following steps (Andersen, 2019):

1. the range [wgy, W) is discretized into m logarithmically distributed weight

classes w;

Thttps://github.com/Kenhasteandersen /FishSizeSpectrum

11



Table 1: Parameter values.

parameter value interpretation

b 3.26  lenght-weight-exponent

¢ 0.0042 length-weight-coefficient

K 0.22 van Bertanlanffy growth constant
Weo 60,000g asymptotic weight

Loo 156.6cm asymptotic length

Winat 4,380g weight at maturation

A 13.02 growth coefficient

M 0.39/yr adult mortality

a 0.3 physiological morality

2. at each grid point, the total mortality is calculated

3. the population density at weight w is proportional to the survival probability

from wqy to w
4. the population density can be calculated from a closed integral formula

The parameter values are shown in Tab. 1.

6 Results

In a first step, the model was validated against empirical data, in a second step the
model was simulated under modified fishing intensity and thirdly, the effect of four

fleet selectivity scenarios on the equilibrium yield was analyzed.

6.1 Model validation

In the first step, we found that the model reproduces the van Bertalanffy growth

curve of Nile perch and that the simulated biomass spectrum is similar to bottom

12
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trawl survey and catch assessment survey, but differs from hydroacoustic survey, as
will be explained in the following.

The numerical solution of the growth equation (eq. 7) produces the curve of
weight-at-age. This is compared to the classical van Bertalanffy growth curve for
empirical parameters of Nile perch (Fig. 2). For young ages, both curves are flat be-
cause young fish are small and have a small growth rate. After around one year, the
slope becomes steeper and reaches a maximum, where the growth rate is maximal
due to large food consumption while still having moderate energy losses from repro-
duction and other sources. At higher ages, the curves become flatter again, until they
converge to the asymptotic weight, where weight gains and losses are balanced (here
60kg). The biphasic growth curve predicts a lower weight until around 2.5 years and
after around 4 years. This is also visible in the length-at-age curve (appendix). The
van Bertanlanffy curve predicts higher weights because in its construction it needs,
in order to fit empirical data, the parameter ¢y that is the interpreted as the “age
at zero length” and has a negative value, such that the individuals’ growth curve
actually starts before birth. The biphasic growth model avoids this construction.

Next, the fishery was simulated in the model as the solution of eq. (11) for three
levels of peak fishing mortality with the empiricial fleet selectivity from |Gomez-
Cardona et al.| (2022). As predicted from theory and observations (Andersen [2019),
the biomass spectrum is similar to a flat spectrum in the unfished part of the spec-
trum (solid curves in Fig. 3). The black curve represents the simulation with peak
fishing mortality F=0.5/yr. At around 600g, the fishing pressure becomes stronger
(as the selectivity increases), and the biomass spectrum begins to decline. It would
further decline until and beyond the peak of the selectivity at 2000-3000g. However,
parallel to the increase in selectivity, fish start to maturate in this range. As they
become mature, they start to reproduce and put energy into reproduction which

leaves less energy for growth, therefore the growth rate slows down. The fish “pile

13



255

260

60000 -

40000 -

Weight (g)

20000 -

Age (yr)

Figure 2: Van Bertalanffy growth curve (grey) vs integration of the differential
equation dw/dt with biphasic growth (black).

up” around the point of 50% maturity (70cm or 4348g). This counteracts the fishing
pressure and leads to an increasing population density in the range 3000-8000g. At
around 10,000g, the growth rate has become so small that fish spend much time in
each “weight bin”. Therefore, the mortality rate exceeds the growth rate and thus
the spectrum decreases strongly.

For a higher fishing mortality (darkgrey: 1.0/yr, grey: 1.5/yr), the biomass
density descreases faster the in fished range, i.e. the slopes are more negative. At
F=1.5/yr, the fishing mortality counteracts the effect of fish “piling up” around
maturation, resulting in a strictly monotonous decreasing curve. The bottom trawl
survey is shown for comparison (dashed in Fig. 3). It has a small negative slope until
around 50cm (1,451.75g, begin of the grey rectangle that spans the range 50-85c¢m),
where it suddenly breaks down. At this point, two effects would coincide. First,

the actual decreasing population density and, secondly, the impaired selectivity of

14
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Figure 3: Top: bottom trawl survey (2019, dashed) compared to simulations of Nile
perch biomass spectrum (solid) for F=0.5 (black), 1.0 (darkgrey) and 1.5/yr (grey).
Bottom: empirical fleet selectivity (2020). Grey-shaded rectangles mark the legal
slot size (50-85cm).
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Figure 4: Top: hydroacoustic survey (2019, dotdash) and catch assessment survey
(CAS, 2020, grey) compared to simulations of Nile perch biomass spectrum (solid)
for F=0.5 (black), 1.0 (darkgrey) and 1.5/yr (grey). Bottom: empirical fleet selec-
tivity (2020). Grey-shaded rectangles mark the legal slot size (50-85cm).

bottom trawl surveys for larger fish. Currently, the exact selectivity of bottom trawl
surveys, in particular the exact point at which the selectivity drops, is not studied
well enough, but future studies could provide the selectivity curve and allow to
disentangle the two effects.

In Fig. 4, the three simulations are compared with the hydroacoustic surveys
(dot-dash) and the spectrum estimate from the CAS (grey). The hydroacoustic
curve shows a different behaviour pattern that the other curves. For sizes above
200g, the slope is more negative than for CAS and the simulations. This relates
to the TS-weight conversion (see Materials). The conversion could be the reason
for a steeper slope. However, this needs further investigation to re-analyse the
hydroacoustic survey raw data. The curve of the CAS estimate is similar to the
simulations until around 3000g and afterwards it drops steeply. However, in the

CAS data there were very few observations of larger fish (above 75cm or 5444g) in

16
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gillnets and few above 85cm (8188g) in longline hooks. For the latter, the catch size
and hook size are only weakly correlated, therefore the hook size has only limited
impact on the size of maximum selectivity. Because of the few data points of larger
fish, the right part of the CAS spectrum has lower confidence.

Tab. 2 shows the sum of squared residuals (SSR) between (the logarithm of)
the simulated biomass spectrum (F=1.0) and the respective survey (normalized,
linearly interpolated, logarithmic, 141 data points each) over the range 200g-2500g
where all are comparable. A value of zero would indicate perfect agreement, and
the larger the disagreement, the larger is the SSR. It confirms that the simulation,
the bottom trawl survey and the catch assessment survey agree mutually, while the

hydroacoustic survey describes a very different population structure.

Table 2: Sum of squared log-residuals over 200g-2500g between the simulated
biomass spectrum (F=1.0) and the respective survey (normalized, linearly inter-
polated, 141 data points).

survey SSR-log

BT2019  3.385286
HA2019  51.16156
CAS2020 2.979331

6.2 Stock under modified fishing level

In addition to the population spectrum, the size distribution of the catch was sim-
ulated with eq. (15) for the three levels of fishing mortality (0.5, 1.0, 1.5/yr) which
is shown in Fig. 6. The top row shows the biomass spectrum like in Fig. 3 and 4.
It is scaled to be 1 at w=1mg. The bottom row of Fig. 6 displays the spectrum of
the catch for the three levels of fishing mortality. Fig. 5 shows the empirical fleet
selectivity which peaks at around 60.2cm (2659.2g). A major part of the selectivity

curve lies left of 50cm and thus outside of the legal range (50-85cm, grey shaded

17
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Figure 5: Empirical fishing fleet

selectivity from catch assessments Figure 6: Simulations of Nile perch biomass spec-

surveys. Adapted from |Gomez-| trym (top) and catch distribution (bottom) with

Cardona et al.| (2022). the empirical fleet selectivity (2020) for F=0.5
(black), 1.0 (darkgrey) and 1.5/yr (grey).

rectangle).

The following can be observed: First, the peak of the catch curve is not equal to
the peak of the selectivity curve, but lies left of it. The reason is that the spectrum is
declining, therefore the density of fish is higher at smaller sizes. The catch, being the
product of biomass density and selectivity, is thus shifted to the left. For F=0.5/yr,
where the biomass spectrum is almost flat in the legal range and even has a positive
slope when fish pile up around maturation (70cm), the catch curve has, next to the
peak, a second hump right of it - at the position where the biomass density has a
local maximum.

Secondly, the peak of the catch spectrum moves further to the left with increasing
fishing intensity, from 2388.2g (0.5/yr, black) to 1825.6g (1.5/yr, light grey). The
reason is found in the biomass spectrum: for F=0.5/yr, the spectrum is almost flat
up until around 10,000g. For F=1.0/yr and 1.5/yr, the spectrum declines earlier,
already in the range of legal fishing, 50-85cm. Therefore, the peak catch weight
moves also towards lower sizes.

Thirdly, the catch rates in the range up to around 4000g increase with increasing

fishing mortality. Beyond 4000g, however, the catch rates with 1.5/yr (light grey)

18
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are lower than the rates with 1.0/yr (grey). The reason is: under the the higher
fishing pressure less fish survive such that the density of fish is now so low that it
is not even compensated by the higher mortality. It is visible that a smaller fishing

mortality can leads to higher catch rates of large fish (even in absolute numbers).

0.75-

yield or biomass
L]
o
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0.25-

peak fishing martality

Figure 7: Fisheries characteristics for the observed fishing fleet selectivity (Gémez-
Cardona et al., |2022). Black: yield biomass, darkgrey: stock biomass, lightgrey:
spawning stock biomass, dotted: recruitment. All values are scaled to the maximum.

A full representation of the fishery includes both the selectivity ¥ r(w) and the
level (intensity) of fishing, F. While the first one has been derived from the catch
assessment survey (Gomez-Cardona et al., [2022), the level can be estimated by the
yield to biomass ratio. From yield and biomass data from 2014 and 2015 (LVFO,
2016, 2019), the yield-to-biomass ratio is 0.304/yr, assuming the biomass of 2015,
B=683.18kt (LVFO| 2019). This is similar to the baseline (2015) fishery condition
in the Atlantis (0.312/yr) and EwE (0.340/yr) simulation, respectively, of Natu-
gonza et al. (2019); and it is lower than the value 0.44/yr, that is reported by

Kayanda et al.| (2009) for the period 2005-2007. Given the empirical selectivity

19
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in the model, the yield-to-biomass 0.304/yr ratio is achieved with a peak fishing
mortality F=1.035993 /yr.

The fishing level comes from fishers’ decisions on their individual effort, and can
therefore be subject to ongoing change. To predict how the fish stock and the yield
would react to various fishing levels, the fishery is simulated with eq. (11) for the
range of peak fishing mortality from 0/yr to 6/yr (Fig. 7). Initially, from 0 to 1/yr,
the yield increases rapidly, as fishing increases while the stock recruitment is not im-
paired yet. It is not impaired because the non-linearity buffers the additional fishing
mortality, i.e. here fishing replaces the mortality early in life which is modelled by
the non-linearity. At F=1.01523/yr, the fishery reaches the maximum sustainable
yield (MSY). Between 1/yr and 4.5/yr, the yield descreases almost linearly with
fishing mortality. It is remarkable that the yield at F=2/yr is still high (around
85.2% of MSY), while the SSB has already decreased to 3.0% of the unfished state.
This is possible because the recruitment is still at 98.9% and it demonstrates the
enormous effect (and potential) of the non-linearity in recruitment which models the
density-dependent effects early in life and which is particularly strong for large fish
like Nile perch (Andersen, 2019). At F=4.83/yr, the recruitment is reduced to 50%
or recruitment of the unfished population. Afterwards, the yield drops quickly, and
at the 5.52/yr, the stock is collapsed completely, resulting in zero recruitment, zero

SSB and zero yield.

6.3 Four selectivity scenarios

We studied the effect of alternative fleet selectivities. The study is inspired by recent
modifications of the legal fishing range. As we are interested only in the question
how a given fleet selectivity translates into a stock size distribution, optimal fishing
mortality (Fmsy), annual yield, and catch size distribution, we exclude the effects

of the re-distribution of fishing pressure in the respective range of legal fishing. This
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Figure 8 Top: empirical fleet selectivity (2020, Gémez-Cardona et al. (2022))).
Second and third row: cropped fleet selectivities (>50cm and <85cm). Bottom:
fleet selectivity within slot size (50-85cm).

means that, in each scenario, inside the respective legal range the fishing selectivity
is identical to the observed selectivity, and outside of the range it is zero. By doing
so, we can also study the effect of a stricter enforcement of existing size regulations.

The four scenarios are: (1) empirical fleet selectivity, (2) fishing only above 50cm,
(3) fishing only below 85cm, (4) fishing only from 50-85cm (Fig. 8). The model of
this study does not predict how the fishing level would adapt if the fleet selectivity
were modified. Under different policy regulations or under a stricter enforcement
of the bounds of the slot size, fishers’ would re-distribute their fishing effort to
sizes that are more profitable to them, either because of higher yield, higher per-kilo
price (for larger fish) or to avoid penalties for using illegal gear sizes. The adaptation
behaviour of fishers is part of future research.

The four scenarios are simulated as the solution of eq. (11) over the range of
F=0 to F=6/yr. From the population and the fishing mortality, the equilibrium

yield (eq. 16) was calculated across the entire range (Fig. 9). The four scenarios
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can be compared from various perspectives: First, they can be compared at the
current level of fishing mortality (black vertical line in Fig. 9). This corresponds to
a situation where the fishing level of the legal range 50-85cm stays the same, but,

depending on the scenario, there is no fishing below 50cm, above 85c¢m, or both.

250~ — open
>50cm

— = 85cM
50-85cm

200 -

yield {kt)

0 2 4 6
peak fishing mortality (1/yr)

Figure 9: Yield dependent on fishing mortality for the four selectivity scenarios.
The black vertical line is the empirical fishing mortality.

Table 3: Best fishing mortality Fysy (1/yr), maximum sustainable yield Y gy (kt)
and yield and SSB at empirical peak fishing mortality F,,,, = 1.035993 (from catch
and biomass data from 2014 and 2015).

scenario  Ypemp (kt)  SSBremp (kt)  Frusy (1/y1)  Yonsy (kt)

open 207.5936 537.2761 1.015230  207.7713
> 50cm 244.302 701.5037 1.371135  250.0450
< 85cm 149.5158 919.8501 1.576678  158.7763
50 — 85cm 168.3612 1201.056 2.432108  205.6201
370 In this case, catching no fish below 50cm while keeping the fishing mortality above

50cm the same, increases the annual yield by 17.7.% from 207.5936kt to 244.302kt
(Tab. 3). Catching not fish above 85cm (scenario 3), however, decreases yield by

-28.0% from 207.5936kt to 149.5158kt, with scenario 4 being somewhat better, but
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still below the open scenario. The SSB increases in each scenarios because the fishing
pressure, in total, is reduced.

Secondly, the scenarios can be compared at the fishing level, that is optimal in
each respective case. This MSY level (eq. 18) is the point of the maximum in each
curve in Fig. 9. At the empirical fleet selectivity, the MSY value is 207.7713kt (Tab.
3), which is close to Kayanda et al.| (2009)’s prediction of 212kt and lower than other
predictions (Kyomuhendo|, 2002} Pitcher and Bundy,|1995). Again, the best scenario
is fishing above 50cm, where the maximum sustainable yield is 250.0450kt. Scenario
3 is inferior and scenario 4 has a similar MSY like the open scenario.

For small values of the peak fishing mortality, scenarios 1 and 2 are similar and
have a steeper initial slope than scenarios 3 and 4. The reason is that the latter
restrict from fishing large fish, which, at the unfished, “pristine” level of the fishing
stock, are most abundant and therefore provide high yields. At the other end, for
large values of the peak fishing mortality, scenarios 2 and 4 still provide moderate
yield levels, because juveniles below 50cm are spared and thus some individuals can
still reach maturity and reproduce. Contrarily, in scenarios 1 and 3, juveniles are
subject to fishing, which leads, for a high fishing mortality, to fewer survivors very
low yields, and eventually the collapse.

An important result is that, under the empirical fleet selectivity, the Fy;qy value
is 1.015230/yr and thus the empirical fishing mortality F.,,, = 1.035993/yr is only
2.0% above Fy;gy, which would mean that the fishing levels is close to what is the
best level, for the fleet selectivity being as it is. This is different from various other
studies, who suggest an overfished, and hence unsustainable, state (e.g. [Yongo et al.
(2018)), but would explain the relatively stable population of Nile perch in the last
decade (LVFO) 2019; |Natugonza et al., 2019; Mgaya and Mahongo, [2017; Marshall,
2018)). Of course, dynamical factors from the interaction with other species (van

Zwieten et al. [2016) or the ecosystem or fluctuations in the fishing level can never
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be excluded, but at least this single species model hints towards a rather appropriate
level of fishing mortality. Improvements in yield could, however, be achieved if the
fishing pressure below 50cm were reduced, as scenario 2 suggests. This case is also
more stable in the sense that the curvature of the yield curve (Fig. 9) is smaller
around the maximum, i.e. the maximum is broader and less sharp which points
toward a situation that is more resilient with respect to fluctuations in the level of

fishing mortality.

7 Discussion

7.1 Sensitivity analysis

The sensitivity of the model results to the input parameters is evaluated by quan-
tifying the marginal effect of small parameter changes (similar to the suggestion of
Pope et al| (2019))). Two model results are considered here as most relevant: The
fishing mortality that maximizes yield, Fj;sy, and the relative recruitment, which
denotes the recruitment relative to the maximal possible value, R/R,,q., which, for
simplicity, is in the following also referred to as simply R.

The recruitment is a significant indicator of the state of the fish population. The
smaller the value, the greater is the impairment of the stock from fishing. A value
of 1 means that there is no impairment at all (unfished case). Limit reference points
R 1

= 5 as

indicate at which fishing mortality the recruitment is impaired (e.g. at & 5

used by |Andersen| (2019).

We calculate the sensitivity with respect to three parameters: the growth pa-
rameter A, the physiological mortality a, and the size at maturation. The first two
parameters can only be inferred, but not measured directly. The third parameter can
be measured (e.g. |Ogutu-Ohwayo| (1988))), but the measurement is costly, therefore

it is not done frequently.
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The evaluation is done in two ways: first, the change in absolute values,

° g—g for ¢; € {A, a, wnat}

8Fms
o ot for q; € {A, a, Wpat}

and second, the relative change, which can be interpreted as the elasticity of the

10 output variable to the input parameter.

e R /R _ 4R
04 | ai R 9g;
Py 8Fmsy Fmsy — q; 8Fmsy
8(]7; q; Fmsy 81]1‘

The partial derivatives are approximated with the difference quotient using

Ag; = 0.01, the elasticity with Ag;/q; = 1%. The basis parameter values are:

s A = 13.01879, a = 0.3, Wyt = 4400 g. The results are given in Tab. 4. In each
column, the largest (absolute) value is marked bold. The largest impact on R comes

from the parameter a, both in absolute and relative terms.

Table 4: Relative and absolute sensitivity of R and Fmsy to the parameters A, a

and Wy,q:.
] OF sy . OFmay
parameter g—fi (g:) L g—g (@) o (@) T o0 (g:)
A 0.0002967416  0.003807126 0.07798131 0.9999849
a -0.04937959 -0.01384381 1.602788 0.4780612
Winat 2.807272e-07  0.001229598  2.053975e-05 0.08859575

For Fy;sy, one sees that the elasticity is largest for the parameter A and is approx-
imately one. This means that a faster growing population can tolerate a larger fishing

a0 mortality, in almost linear proportion to the growth rate. That implies that it is difficult
to estimate both A and F' simultaneously from an empirical population spectrum, as a
linear scaling of both keeps the spectrum nearly unchanged which was also observed in

the numerical simulations (not shown here). In absolute values, the crucial parameter for
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Farsy is a where a change of 0.01 in a changes by 0.016/yr. Therefore, in future research

the important role of the physiological mortality should be considered.

7.2 Cohort biomass

What is the interpretation of the result that the highest MSY is achieved in the scenario,
where all sizes above 50cm are subject to fishing? For this, one has to look at the curve
of the cohort biomass (Fig. 10). A cohort is the group of fish that have been born in
the same time period (in the continuous case this means fish that are born in the time
interval [¢;t + dt]). The number of fish in a cohort is non-increasing with time, as the
only relevant process is mortality which reduces the numbers. The cohort biomass, the
sum of the biomass (weight) of all individuals in the cohort, however, has a more complex
development. Aslong as the biomass increase from the growth of the individuals outweighs
the biomass loss from mortality, the cohort biomass increases. At some point, typically
beyond the maturation size, the mortality becomes so large that it dominates and the
cohort biomass decreases. This gives a unimodal curve.

Fig. 10 shows the cohort biomass across the lifespan for the case without fishing. The
maximum of the cohort biomass lies at 100.9cm (14318.6g). As Diekert| (2012) points out
for a similar scenario, under perfect selectivity (i.e. where the target size of fish can be
selected with perfect accuracy and precision) the optimal management is to target the
fish at the size where the cohort biomass peaks. This means that the perfect management
strategy scenario would be to target fish around 100cm - conditional on recruitment being
constant. Of the four scenarios, the one where fishing acts above 50cm, is closest to the
case of perfectly targeting fish around 100cm as the selectivity is (by design) still not

precise, but at least more focused on largest individuals than the other scenarios.
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Figure 10: Cohort maximum - for a single, isolated species it is identical to optimal
knife edge fishing size (for zero costs). Physiological mortality a=0.3.

7.3 Fishing mortality

In the literature, two distinct notion of the term “fishing mortality” are use. Some use the
term in the sense of the ratio between annual yield and biomass, or they consider the ratio
to be an approximation of the actual fishing mortality (e.g., Natugonza et al. (2019)). It
is important to emphasize that this notion is a mortality that is averaged (typically) over
time (e.g. one year) and, more importantly average across the population or a major part
of it (e.g. all adults). We will refer to this notion as the annual fishing mortality as it is,
in most cases, calculated from the ratio of the annual yield (catch) to the biomass.

The other notion of “fishing mortality” can be found, e.g., in [Yongo et al.| (2018,
where it refers to an instantaneous rate and where it can depend, in general, on the size
of the fish, this means each size can have a particular mortality rate. This is the notion

of mortality rate that is mainly used in this paper. It is important to note that the value
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of the two notions need not necessarily be the same or not even similar to each other. As
the second notion, the instantaneous rate, can vary across the fish population, some fish
sizes could experience a very low or a very high mortality rate. Therefore, for comparison,
the instantaneous rate can translated to an annual mortality by building the ratio of
annual catch to biomass. Here, the information how the mortality is distribution across
the population, is completely lost. If the fishing mortality is applied equally across the
stock and all fish sizes, then the two notions agree. Please note that the mortality that
appears in eq. (11)-(18) is the instantaneous mortality rate, as can be seen from its use in
the McKendrick-von-Foerster equation (eq. 1).

Hence, in the case of the size-structured model used in this paper, the actual fishing
mortality rate is not the same for all fish, but depends on the fish size. For the purpose of
comparing various fishing levels, therefore, it is helpful to define a reference fishing mortal-
ity. In the following this will be the “peak fishing mortality”, defined as the instantaneous
mortality rate at the size of the maximum of the fleet selectivity curve, with the unit 1/yr.

To compare the results to estimates of the fishing mortality from the literature, the
following approach is used. Across the range of admissible peak fishing mortality values,
from F=0 to the point where the stock collapses at F,.qsn = 5.52/yr, the ratio between
annual yield and the stock biomass is calculated. This ratio, equivalent to the widely used
first definition of fishing mortality, and the peak fishing mortality are in direct relation
to each other - and the mapping between the two quantities is unique in the range of
admissible peak fishing mortality values. This means that the conductor of a survey, when
he would observe the simulated stock in the reality, would interpret this yield /biomass ratio
as the fishing mortality, if he uses the respective definition of biomass. Because of the 1-

to-1 mapping, the peak fishing mortality rates of the model simulations can uniquely be
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compared to conventional fishing mortality values. The mapping is shown in Fig. 11.

2.0-

annual yield per biomass

0.5-

peak fishing mortality

Figure 11: The relationship between the peak fishing mortality (an instantaneous
mortality rate) and the annual fishing mortality (yield per biomass). The stock
collapses at F.qsn = 5.52/yr.

With the mapping, the result of this paper - the value of Fj;gy under the current
fleet selectivity, Fyrsy = 1.01523/yr - can be compared to empirical estimates from the
literature and to other model simulations. In simulations of two models with biomass flux
balances, [Natugonza et al.|(2019) finds - using definition (1) - a fishing mortality of 0.312/yr
(Atlantis) and 0.340/yr (EwE), respectively. Using the relationship, this corresponds to
a peak fishing mortality of 1.05/yr and 1.11/yr, respectively, similar to the finding of this
paper, Fyrsy = 1.01523/yr. From an empirical analysis of commercial catch samples
from two Kenyan landing sites, Yongo et al.| (2018) estimate a fishing mortality of 0.54/yr,
corresponding to a peak fishing mortality of 1.50/yr, somewhat higher than our finding.

However, the value 1.50/yr might be not fully accurate, as it was derived only from catch
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samples and not from the actual population in the lake whose size structure obviously

differs systematically, due to the selectivity of the fishery.

7.4 Physiological mortality

The previous subsection has shown that the parameter of the physiological mortality, a,
plays a crucial role for the recruitment and Fj;sy. As the parameter cannot be directly
measured, the following section shows how the model simulations compare to the bottom-
trawl measurement for four values of a: 0.2, 0.3, 0.4, 0.5. These values were selected to
represent approximately the range of likely a-values (see appendix, “Physiological mortal-

ity”). The result of the four simulations is given in Fig. 12.

biomass density

10 100 1000 10000
fish weight (g)

Figure 12: The spectrum as calculated from the model for F=0.5 with the physi-
ological mortality a=0.2 to a=0.4 from black to grey, together with the data from
the bottom trawl survey 2019 (dashed).

The curve of the empirical spectrum measurements lies in the range that is spanned

by the four simulations. In the beginning, between around 10 to 100g, the empirical curve
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follows closely the simulation of @ = 0.3. Between 100g and 1000g, it lies between the
curves of a = 0.3 and a = 0.4. Beyond 1000g, approximately at 50cm (grey shaded area
in Fig. 12), the empirical curve drops. This can be related to a decreased selectivity
as discussed previously, therefore this part of the curve has lower confidence. From the
comparison it is concluded that it is likely that a is around 0.3-0.4 which agrees with
the theoretical expectation. From an optimization that minimizes the sum of squared
residuals, the optimal fit to the bottom-trawl spectrum turns out to be a simulation with

a=0.3278.

Table 5: The slopes are calculated from a linear regression of the biomass spectrum
in the range 10-50cm (7.6g-1451.7g) in a double-logarithmic setting, corresponding
to a powerlaw function B(w) = w® + C with slope s and a constant C. Sim are the
model simulations, BT2019 is the bottom-trawl survey of 2019.

data set  a slope s R2 (adjusted) p value data points
Sim 0.2 0.0341440.00066 0.9005 < 2.2e-16 *** 291
Sim 0.3 -0.06586=+0.00066 0.9711 < 2.2e-16 *** 291
Sim 0.4 -0.16586=+0.00066 0.9953 < 2.2e-16 *** 291
Sim 0.5 -0.26586=+0.00066 0.9982 < 2.2e-16 *** 291
BT2019 -0.098784+0.01925 0.4063 1.007e-05 *** 36

The slope of the size spectrum is directly related to the parameter a which can be
seen from the analytical solution of eq. (11) for appropriate u-functions. For the four
simulations of the previous section (a=0.2, 0.3, 0.4, 0.5) and the bottom-trawl spectrum,
the slope values of the biomass spectrum in the range 10cm-50cm (7.6g-1451.7g) have
been calculated. The results are shown in Tab. 5. The slope is 0.03414 in the simulation
with @ = 0.2 and decreases by 0.1 with each increment in a. For the bottom-trawl survey,
the slope is -0.09878, which is between the slopes of the simulations for 0.3 and 0.4 which

agrees with the findings from the previous section.
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8 Conclusion

We have applied the modelling framework of /Andersen (2019)) to build a size structured
model of the Nile perch fishery at Lake Victoria. The model was used to understand
the effect of the size selectivity of the fishery, and, with it, the potential of size-based
policies. The model was validated by comparing the emergent simulated growth curve
with the well-known van Bertalanffy curve and by comparison to the size structure from
three different surveys.

Using the empirical fleet selectivity from |Gémez-Cardona et al. (2022) as an input
into the model, the simulations of the size structure of the fish population, in equilibrium
with fishing, are similar to the empirical size distribution from the bottom-trawl and the
catch assessment survey. The size distribution of the hydroacoustic survey, however, differs
both from the bottom-trawl survey and from the model simulation. Therefore we conclude
that it is more likely that the hydroacoustic survey does not represent the size structure
correctly. A potential reason could be the target strength-size relation in the calibration
of the hydroacoustic survey, but more research is needed to investigate the cause.

We find that, under the current fleet selectivity, the empirical annual yield (207.5936kt)
is close to the maximum sustainable yield (207.7713kt). Correspondingly, also the empir-
ical peak fishing mortality rate, F=1.035993/yr, is only 2.0% above the rate that leads
to the maximum sustainable yield (F=1.015230/yr). The value of MSY is similar to the
previous estimate of Kayanda et al.| (2009)).

In addition to the empirical selectivity of the fishery we have simulated three hypothet-
ical fleet selectivity shapes to predict the effect of the selectivity on the fish stock and the
equilibrium yield. For the comparison, each scenario was simulated as the solution of the

steady state of the McKendrick-von-Foerster equation across a wide range of fishing levels.
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We find that sparing all fish below 50cm, while keeping the fishing mortality above 50cm
the same, increases the annual yield by 17.7.% from 207.5936kt to 244.302kt. Catching no
fish above 85cm, decreases yield by -28.0% from 207.5936kt to 149.5158kt. The maximum
sustainable yield is highest in the scenario where fishing is only above 50cm, and lowest
in the scenario where fishing is only below 85cm.

We have tested the sensitivity of the results and have found that the parameter of
physiological mortality, which represents natural mortality, plays the most important role.
The value of the growth parameter and of the maturation size have less influence on the
results.

While this study does not raise the claim to describe fishers’ reaction to size regulations,
it provides a study of the effect of one empirical and three hypothetical selectivities on
the fish stock and the yield and therefore provides an understanding of the relationship
between the fleet selectivity and the equilibrium yield. While our study indicates that
the empirical yield is close to the maximum sustainable yield, it depicts the significant
potential improvement in annual yield that could emerge from reducing the fishing pressure

on juvenile fish below 50cm.

33



9 Appendix

9.1 Length to weight conversion

A fish population can be represented with a length spectrum or a weight spectrum. The
number spectrum can be converted between the two representations from the following
ses considerations. Let np (L) denote the number density in the length spectrum, such that

the number of fish in the interval [L;, Lo]is:

Lo
N=[ (L)L (21)
Ly

This number does not differ from the one in the weight representation:

w(Ly)
N = / Ny (W) dw (22)
w(Ly)

where w(L)denotes the length-weight relation, and n,,(w) is the number density of the
weight spectrum. As the equations are true for any pair Li Lo and the respective pair

soo w(Ly),w(Le), it holds that

nr(L)dL = ny(w)dw (23)
nalw) = na(L)(GE) 24)

where
fi% = diLw(L) = cbLT (25)
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is the derivative of the length-weight-relation

w(L) = cL’ (26)

which is commonly applied in fisheries sciences.

505 Hence the density conversions is:

Ny (W) = nL(L)(chb_l)_1 (27)

and, analogously:

nr(L) = ny(w)be"/Pw®=1/b (28)

where we used the inverse length-weight relation L(w) = (w/c)'/? and its derivative

dz(w) — el /by (b=1)/b.

This length-to-weight conversion was validated against the method LBNbiom using

60 the logarithmically binned biomass (Edwards et al., 2017)).

9.2 Growth parameter

Andersen (2019 Fish Ecology; p. 43, eq. (3.10)) describes how the growth parameter A
can be estimated from the Bertalanffy parameters K and Lo, for n=3/4 and b=3. We

extend the derivation for arbitrary values of n and b. From the length-weight relationship

w = cL’ (29)

605 it follows that

dL 1 d
ab _ 76—1/bw1/b—17w

dt b dt (30)
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Inserting the van Bertalanffy equation

T KLy (31)
and the juvenile growth model
d
di: = Auw" (32)
one gets
A
KLoo _ 36_1/bw1/b_1+n (33)

Following Andersen (2019), let us assume the two are identical atw = wy, = Ny Woo =

610 N CLOOb. Then

Therefore:

For n=3/4 and b=3 one gets the special case shown in eq. (3.10) of Andersen (2019):

A =34, YV PKLG (36)

With the standard parameter values (Tab. 1) one gets A=13.02.

9.3 Physiological mortality

15 Andersen (2019) describes two different ways to calculate the parameter a which represents
the physiological mortality (p. 77, eq. 4.41 and 4.42). The first method builds on the

size spectrum theory and the energy budget. From the predator-prey interactions in the
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marine size spectrum and the metabolism, the physiological mortality a is:

(I)pfO

a=a(B,0,n,q, fo, €, fc) = calfo— f2)

where

B, = B eap((2n — g — 1)(q — 1)0°/2) (38)

comes from the feeding kernel for a community spectrum.

With the standard parameter values (Tab. 1) one gets a=0.522.

The advantage of this approach is that is derived from very general principles and thus
applies broadly, the disadvantage is that there are no direct observations of ¢, fo, €4, fe.
Therefore general species-unspecific and not directly observable values have to be used.

The second method to estimate a is from empirical observations of M and K with the
advantage of using species-specific values which are often measured or estimated in the
literature and having the parameter K from the van Bertalanffy curve. However, as the
natural mortality depends on the weight, M is not actually a constant. Therefore, one
has to set, rather arbitrarily, a weight at which the size-based natural mortality equals M.

Following Andersen (2019) in setting this point at the size of maturation, one gets:

M m1/b
a:a(M’K7n7TL7b) = f,r] b

(39)

With the standard parameter values (Tab. 1) one gets a=0.244.
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9.4 van Bertalanffy growth curve

This is the length-at-age curve with (1) the van Bertanlanffy equation and (2) the inte-
gration of the biphasic growth model. Partly, the difference comes from the fact that in
the van Bertalanffy equation, fish start at t = 0 with a positive weight due to the negative

value of “age at zero lenght”, #g.

Length (em)

ngetr) agotrl

Figure 13: Van Bertalanffy growth curve (grey) vs integration of the differential
equation dw/dt with biphasic growth (black). The left figure uses t, = —0.37yr
(fishbase.se, 2022), the right figure to = 0.
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