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Population dynamics and management of
culture-based fisheries

K. LORENZEN
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London, United Kingdom

Abstract The population dynamics of culture-based fisheries are studied by means of a
mathematical model, which incorporates explicit sub-modé s for density-dependent individual
growth and size-dependent mortality. The model applies to populations of carps, i.e. common
carp, Chinese carps, and Indian major carps, and coregonids.

The effects on production of stocking density and size of seed fish, fishing mortality, and
size at harvesting are studied in a model population of carp. Management implications of the
modelling results are emphasized. An adaptive approach to management, involving judicious
experimentation with stocking and harvesting regimes, is proposed to gain information on the
dynamics of actual fisheries, and to optimize their production.
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Introduction

Culture-based fisheries are capture fisheries which are mostly or entirdly maintained by the
regular stocking of seed fish. Culture-based fisheries rely entirely on the natural productivity
of the water body for growth, and on artificial stocking for recruitment.

Commercial culture-based inland fisheries are operated on a large scale in Asia,
particularly in China (De Silva, Yu & Xiang 1991), and on the Indian Subcontinent (Jhingran
1992). The main species stocked in Asia are Chinese carps, Indian major carps, and common
carp, Cyprinus carpio L. Many European lakes are also regularly stocked with coregonids to
support commercial fisheries (FAO 1994). Major culture-based fisheries, both commercial
and recreational, also exist for salmonids. This study investigates the population dynamics of
culture-based carp fisheries, as are typically found in the Asian region.

Culture-based fisheries pose assessment and management problems which are difficult to
address using established methodology for natural stocks. This theoretical study investigates
some aspects of the population dynamics of culture-based fisheries, derives management
guiddines and outlines an adaptive approach to the management of such fisheries.

The model isintended to provide general insights, and uses some simplifying assumptions
concerning growth, mortality and the management regime. When the
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model is applied to an actual fishery, the validity of these assumptions and the consistency of
model predictions with available data should be checked carefully.

Material and methods

This study refers to a culture-based carp fishery in a perennial water body, as commonly
operated in many Asian reservoirs. For simplicity, it is assumed that the fishery is stocked
and harvested continuously throughout the year. Most fisheries are stocked once a year and
harvested continuousdly, but this does not affect the conclusions drawn from this theoretical

study.

The population model

The dynamics of the stocked fish population are determined by two processes, individual
growth and mortality. Because the fish depend entirely on the natural food supply, individuals
compete for a limited food resource, and consequently their growth is dependent on
population density. Growth in the model population is described by a density-dependent
extension of the von Bertalanffy growth function (VBGF), where the asymptatic length L., is
alinear decreasing function of population biomass:

be‘ = Locl_, —-dB (1)

In thismodd, L.g isthe asymptotic length of the fish growth curve at biomass B, and L., is
the limiting asymptotic length which a fish would approach in the absence of competition.
Even in the absence of competition, the asymptotic length of fish is limited by the natura
productivity of the water body, which is thus reflected in L,,.. The competition coefficient d is
the amount by which L..g decreases per unit of population biomass. Biomass refers to standing
crop, i.e. biomass per unit area. The growth modd is explained in more detail, and applied to
the analysis of extensive carp culture experiments, in Lorenzen (1993).

The mortality rate in the model population is size dependent: small fish suffer a higher
mortality rate than large ones. The mortality-size relationship is described by the following
mode, first proposed by Gulland (1987):

M; = MJ(L/L,)™% (2

where M is the mortality rate at body length L, and M, is the mortality rate at reference
length L, The exponent of the mortality-length relationship is -3p, and -p is the exponent of
the corresponding mortality- weight relationship for isometric growth. The representation of
the mortality-size relationship as a power function was derived theoretically by Peterson &
Wroblewski (1984), and there is substantial empirical evidence for this form of the
relationship in the marine pelagic ecosystem (McGurk 1986, 1987). Gulland (1987)
introduced the above model, where the coefficient M, is equal to the natural mortality at a
conveniently chosen reference length L.

The models for density-dependent growth and size-dependent mortality are combined in a
length-structured population modd . The fish population is divided into length
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Figure 1. Flow chart of the length-structured population model. Arrows indicate the trangtion of fish between length
groups of the population over time, from the population to catch and natural death, and from stocking to the population.

groups, and the modd projects population and catch numbers-at-length over time (Fig. 1).
Fish in the 5 cm group at timet will, during time interval dt, either stay in the population and
grow, get caught in the fishery, or die naturally. The proportions of fish remaining in the
population, being caught, or dying naturally are different in each length group, due to the
size-dependence of both natural and fishing mortality. In the 5 cm group, for instance, a high
proportion of individuals dies from natural causes, but none from fishing. At 7 cm, fewer fish
die naturally. In the larger length groups, e.g. at 30 cm, very few fish die naturally, but most
may be harvested. During thetime interval dt, fish will also grow and some of the individuals
from the 5 em group will move to the 6 cm group, while otherswill remain in the 5 cm group.
The same applies to the fish harvested. The proportions of fish remaining in alength group or
growing into another vary between length groups, and with population biomass. Population
numbers-at-length are increased by the numbers stocked-at-length at the beginning of each
time step).

The complete mathematical formulation of the population model is given in the
Appendix.

Parameter values

The parameter values of the model fish population were chosen to represent a hypothetical,
culture-based carp fishery (Table 1). In the growth mode, the limiting asymptotic length is
set to 80cm. In conjunction with a competition coefficient d of 0.5 cm ha™ kg™, fish will
approach an L. of 70 cm at a population biomass of 20 kg ha® or an L.g of 30 cm if the
population biomass is 100 kg ha'. The parameter K isset to 0.4 y™.

In the mortality-size relationship, the exponent p is assigned a value of 0.5. Empirical
studies have found p to be 0.44 in the marine pelagic ecosystem (McGurk 1986, 1987), and

between 0.36 and 0.98 in European carp pond culture (Lorenzen
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Table 1. Parameter values of the model population.

Parameter Value

Density-dependent VBGF’

L. 80cm

K 0.4y~!

d 0.5cmhakg ™!
Size-dependent mortality

P 0.5

L, 20cm

M, 0.6y~
Weight—Ilength relationship

a 25% 10 kgem ¥

b 3.0

1993). The mortality rate M, is 0.6 y* at a reference length L, of 20cm. This corresponds to
mortality ratesof 1.7 y* at 10 cm, and 4.8 y™* at5cm.

The length -weight relationship isisometric (b = 3.0), with a coefficient a= 2.5 x 10-5 kg
cm?, so that a 20 cm long fish weighs 0.2 kg.

The length of seed fish is assumed to be normally distributed, with a standard deviation of
1 cm. The mean length is 5 cm, and is later varied between 3 cm and 11 cm to explore the
effect of seed size on production.

Knife-edge gear selection is assumed at selection length 1, i.e. all fish larger than |, are
retained by the gear, while all smaller fish can escape. The selection length 1, is set to 30 cm,
and islater varied between 25 cm and 40 cm.

As described earlier, both stocking and harvesting are continuous throughout the year,
and at a constant rate. The fish population is then in a state of dynamic equilibrium, i.e. its
size structure and biomass remain constant over time.

Results

The response of the model population to various stocking and harvesting regimes is
demonstrated in the following sections. The results are presented in separate sections for
stocking density, size at harvesting and fishing mortality in relation to stocking density, and
the size of seed fish.

Stocking density

The influence of stocking density on production and the recapture rate of stocked fish is
illustrated in Fig. 2. The mean length of seed fish is constant at 5cm. Gear selection length 1,
is 30 cm, and fishing mortality is taken to be very high, so that fish are harvested immediately

after reaching 1. The average weight of fish in the catch is about 0.7 kg.
The biomass stocked always increases proportionally to stocking density in numbers,
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Figure 2. Stocked biomass, harvested biomass, and production as a function of stocking dengity in numbers. Also shown is
the fraction of seed fish recaptured in the fishery. Standard parameters values (Table 1), gear selection length 1. = 30 cm,
and very high fishing mortality.

because the mean weight of seed fish is constant at about 3.5 g per individual. The biomass
harvested increases almost proportionally to stocking density at low densities, but the rate of
increase declines as stocking density increases. This reflects the density-dependent reduction
in individual growth, and the consequent increase in natural mortality. The maximal biomass
harvested is 67.6 kg ha® y?, at a stocking density of 560 individuals ha y*. The biological
production of the fishery is equal to the biomass harvested minus the biomass stocked.
Production reaches a maximum when the slope of the 'biomass harvested' curve is equal to
that of the 'biomass stocked' ling, at a stocking density dightly lower than that at which the
maximal biomassis harvested. If stocking density is increased beyond 560 individuals ha* y*,
this results in a decline of both biomass harvested and production, i.e. the fishery is
overstocked. At high population densities, fish grow dowly and consequently suffer higher
natural mortality. This is apparent in the fraction of stocked fish which are recaptured in the
fishery. At very low stocking densities, the recapture rate is highest (about 30%) due to the
fast growth of individuals. The recapture rate is much lower (about 15%) in the region of
optimal stocking density, and declines further when the fishery is overstocked. Clearly, the
return per seed fish stocked is highest at low stocking density. However, the overall
production optimum is reached when the recapture rate and the consequent return per seed
fish areat an intermediate level.

Size at harvesting

The optimal stocking density in a culture-based fishery is dependent on the size of the fish
harvested. In Fig. 3, production is shown as a function of stocking density for gear selection
lengths 1, of 25, 30, 35 and 40 cm, corresponding to weights of about 0.4, 0.7, 1. 1 and 1.7 kg
respectively. Fishing mortality istaken to be very high, so that fish are
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Figure 3. Production as a function of stocking density, for four different gear selection lengths 1. between 25 and 40cm.
Standard parameter values (Table 1) and very high fishing mortality.

caught immediately after reaching 1. and the corresponding weight. The mean length of seed
fishisconstant at 5 cm.

At an 1. of 40cm, the maximal production of 35 kg ha' y* is reached at a low stocking
density of only 140 individuals ha' y'. If stocking density is increased beyond this optimum,
production declines rapidly and drops to zero before 300 individuals ha’ y* are reached.
Moderate overstocking results in sub-optimal production due to slow growth and high
mortality, but the fishery can still operate. If stocking density is increased further, the
asymptotic length L.g of the population will fall below the gear sdection length 1.. This
brings about a qualitative change as catches drop to zero, and the fishery no longer removes
biomass from the population. If stocking continues, the water body is ‘choked' with fish,
resulting in a dense, stunted population. At a high gear selection length such as 40 cm, the
critical biomassisreached easily, and overstocking can be a serious management problem.

The maximal production at 1. = 35 cm is 48 kg ha' y* at a stocking density of 280
individuals ha' y*. Obvioudly, the potential production increases with decreasing size at
harvesting, but this production is achieved only at increasingly high stocking densities. For
the harvesting sizes considered in this example, the overall production maximum isat 1. = 25
cm, at a stocking density of over 1000 individuals ha' y* . Unless stocking densities are
limited by the availability of seed, it is more productive to harvest fish at the smallest
marketable size.

When stocking density is limited by seed supply, this also dictates the optimal harvesting
size. For example, if stocking density is limited to 500 individuals ha' y*, the optimal size for
harvesting is about 30 cm (0.7kg) (Fig. 3). In general, if stocking density is limited, the
optimal size for harvesting may be much larger than the smallest marketable size.

If only large fish are marketable, it is counter-productive to stock at high densities. For
example, if the smallest marketable size for catches from the model population was
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Figure 4. Production as a function of fishing mortality and stocking density, for a gear selection length 1. of 30cm. Labels
of the contour linesindicate production in kg ha® y™*. The heavy solid line (a) indicates optimal stocking density in relation
to fishing mortality, line (b) indicates optimal fishing mortality in relation to stocking density. Standard parameter values
(Tablel).

1. 1 kg (35 cm), no more than 280 seed fish of 5 cm length should be stocked per ha
annually.

Fishing mortality

The problem of fishing mortality is linked to the size at harvesting: the higher the fishing
mortality for a set gear selection length 1, the lower the average size of harvested fish. This
implies that a high fishing mortality calls for a high stocking density, and vice versa.

The combined effect of fishing mortality and stocking density on production is illustrated
in Fig. 4, for aconstant 1. of 30 cm, and a mean size of seed fish of 5 cm. Production contour
lines indicate the combinations of fishing mortality and stocking density that give rise to the
same levels of production. For example, a production of 40 kg ha® y* can be achieved by
stocking 200 fish ha™ y* and fishing at F = 2.5 y'*, or by stocking 600 fish ha* y* and fishing
at just above F= 2.0 y*. The heavy solid line (a) shows optimal stocking density in relation to
fishing mortality. If stocking densities are above this line the fishery is overstocked, and a
reduction in stocking
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Figure 5. Influence of the length of seed fish on potential production, optimal stocking density and the corresponding
biomass stocked. Optimal stocking density is the dendity required to realize potential production. Standard parameter
values (Table 1), gear sdlection length 1. = 30cm, and very high fishing mortality.

density will increase production. The same effect can be achieved by an increase in fishing
mortality. The heavy solid line (b) shows the optimal fishing mortality in relation to stocking
density. If the fishery is operated below this line, it is overfished and a reduction in fishing
mortality will increase production. Alternatively, overfishing can be avoided by increasing
stocking density. In this example, an increase in stocking density at fixed fishing mortality
will improve production substantially, while a reduction in fishing mortality at fixed stocking
density will have a more limited effect.

Both overstocking and overfishing can be averted by a change in either the stocking or the
harvesting regime. The most suitable alternative depends on the current position of the
fishery in its fishing mortality/stocking density plane.

As a rule, high stocking density requires high fishing mortality, and vice versa. In a
developing culture-based fishery, it isimportant to increase both stocking density and fishing
mortality in a balanced way.

Size of seed fish

Sedlecting the size of seed fish for stocking is a crucial aspect of the management of
culture-based fisheries. The best recapture rate, and hence return per seed fish, is usualy
obtained by stocking large fish, because mortality is size-dependent. However, large seed fish
are expensive to produce and their use also has other implications which are illustrated for the
model population (Figs 5 and 6). The size of seed fish is varied between 3 cm and 11 cm,
while harvesting with a constant gear selection (1, = 30 cm) and very high fishing mortality.

In Fig. 5, potential production is shown as a function of the length of seed fish, together
with the stocking density and seed biomass required to achieve the potential production.
Obvioudly, any size of seed fish within the range considered can yield a
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Figure 6. Sengtivity of production to sub-optimal stocking density, for different sizes of seed fish. The effect on production
of a50% deviation from optimal stocking density is shown. Standard parameter values (Table 1), gear sdlection length 1.
=30 cm, and very high fishing mortality.

similar level of production. Thereis a dight decrease of potential production with increasing
length of seed, which is explained later.

The optimal stocking density, at which potential production is obtained, declines sharply
with the size of seed fish, from over 1100 ha for 3 cm to less than 300 ha® for 11 cm
fingerlings. The form of this curve reflects the mortality-size relationship, and the steepest
decrease in optimal stocking density occurs in the low size range. Increasing the size of seed
fish from 3 to 5 cm reduces the number of seed required by more than 50%, while an increase
in size from 9 cm to 11 cm reduces the numbers required by only 15%. The best size for
stocking is likely to be in the intermediate range, striking a balance between the need to
produce vast numbers of individuals, and the need to rear them to alarge size.

Also shown in Fig. 5 is the total biomass of seed stocked at the optimal density in
numbers. Large seed fish must be stocked at a much higher biomass than small fish: while
1kg ha' y* of 3cm fish is sufficient to achieve maximal production, 11 cm fingerlings should
be stocked at 9 kg ha' y*. The use of large seed fish implies the necessity to produce and
stock a relatively high biomass of seed. This fact also explains the dight decline in
production, which is defined as biomass harvested minus biomass stocked, with increasing
size of seed fish.

An important aspect related to optimal seed size is the sensitivity of production to
stocking at non-optimal densities. This is illustrated in Fig. 6, which shows the changes in
production for stocking densities 50% below and above the optimum, for different sizes of
seed fish. For 3 cm fish, 50% understocking reduces production to 80% of the maximum,
while 50% overstocking reduces production to 88%. Production from 11 cm seed fish is much
more sensitive; a 50% understocking reduces production to 66%, but the same percentage

overstocking causes a reduction to 35% of the maximal production.
Production from large seed fish is therefore more sensitive to stocking density than
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production from small seed. Hence, if the optimal density is not known from experience,
stocking small seed fish is more likely to yield good results than stocking large seed fish.
Production from small seed is most sensitive to understocking, while the production from
large seed is particularly sensitive to overstocking.

Discussion

The model

The population model upon which this study is based can be applied to virtually any
management regime, and it is not limited to the equilibrium situation considered here. The
model can also be used for the estimation of parameters from stocking and catchat-length
data.

The modd is valid only for populations in which individual growth is density dependent,
and the instantaneous mortality rate is size dependent but density independent. In addition,
the gromth mode reies on the assumption that total biomass is a good predictor of
competition effects on growth, and that all individuals are affected to the same degree. All
these assumptions are likely to be met approximately by the cyprinids and coregonids stocked
in Asia and Europe. Lorenzen (1993) has demonstrated the applicability of the growth and
mortality models to extensive carp culture.

However, the model is not applicable to salmonid fisheries, another important group of
culture-based fisheries. Young salmonids are often stocked in rivers or streams, where they
suffer strongly density-dependent mortality while the growth of survivors is density
independent (Elliott 1985, 1987). The validity of the model for predatory speciesin general is
also doubtful. Predators usually undergo major ontogenetic changes in diet, so that different
size-groups utilize different food resources and total biomass is a poor predictor of
competition effects on growth.

The modd is entirely deterministic, it does not take into account stochastic variability in
parameter values. Such variability can be an important consideration, particularly with regard
to the size of seed fish. Survival is often regarded as more variable for small than for large
seed fish (FAO 1994). If thisis the case, the stocking of small seed fish can result in highly
variable production, although on average production is higher and less sensitive to stocking
density than for large seed.

Parameter estimation

Relevant population parameters must be estimated to predict quantitatively the effects of
management measures on a particular fishery. Some parameter values can be inferred from
external information, while others can only be estimated from stocking and catch data for the
particular fishery.

The parameter K in the density-dependent VBGF is the same as in the standard VBGF
and can be inferred from comparative studies, but the parameters L., and d must be estimated
for each fishery separately. This is possible only if data on individual growth are available
over arange of biomass densities.
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In the mortality-size relationship, a priori information on the value of p can be gained
from ecological theory (Peterson & Wroblewski 1984), and empirical studies (McGurk 1986,
1987; Lorenzen 1993). The parameter M, should be estimated from stocking and catch data.
If both parameters of the mortality-size relationship are to be estimated directly, data must be
available over arange of seed fish sizes.

Adaptive management

Although the model parameters can be estimated as outlined above, their values will often be
subject to a high degree of uncertainty. This particularly applies to newly established
fisheries, or to fisheries with no record of stocking and catch data.

However, the management of culture-based fisheries under uncertainty need not be left to
trial and error. Even under very high uncertainty, it is often possible to adopt management
measures which are likely to simultaneously improve production and yield important
information, i.e. reduce uncertainty. A management strategy which serves both objectives is
caled adaptive management (Walters 1986). Adaptive management entails judicious
experimentation with stocking and harvesting regimes, and a systematic analysis of the
outcome of such experiments.

A prerequisite for adaptive management is the collection of stocking and catch data, so
that the present status of the fishery and the effects of any changes in management can be
assessed. Stocking and catch data can be obtained easily from seed production centres and
regular (not necessarily frequent) sampling at landing sites. It may also be useful to mark
certain batches of fingerlings, e.g. by fin clipping. Thisis likely to improve the precision of
growth-parameter estimates.

The following example illustrates the adaptive approach to management. Consider a
fishery for which stocking and catch data are available for one production cycle (time between
stocking and harvesting of a cohort). Growth and mortality parameters can be estimated from
the data, and from empirical models. A yield-per-recruit analysis (Gulland 1983) will indicate
whether the population is overfished or underfished. If the analysis indicates overfishing, an
increase in stocking density will improve production. However, because the growth response
to changes in density is not known, it is not possible to predict by how much the density
should be increased. The choice of a new stocking density involves a trade-off between the
gain of information and the risk of temporarily losing yield. A moderate increase in density
will almost certainly increase yield, but it may not produce a significant growth response. A
strong increase in density will produce a strong response and thus yield better information,
but it may lead to overstocking and consequent loss of yield. If stocking density is increased
sufficiently to produce a growth response, it is possible to obtain a first quantitative estimate
of the optimal stocking density for a given level of fishing mortality. The predicted optimal
stocking density is, of course, still subject to considerable uncertainty. Hence the effects of the
new density must again he monitored and analysed.

Adaptive management is a continuous process: it is not finished once the current stocking
and harvesting regimes appear to be optimal. Monitoring continues to detect changes in the
ecology of the fishery, or in its exploitation. Moreover, management
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objectives are likely to change, for example in response to changing socio-economic factors.
Adaptive management entails a systematic and efficient way of responding to such changes,
thereby ensuring the sustainability of the culture-based fishery.
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Appendix: The population model

Population and catch equations

The fish population is divided into length groups, so that the population at time t is
represented by a vector n, of numbers-at-length. The population equation computes this
vector for timet + dt:

Hevar = Gg S (0, + Sl,) (A1)

where Gg is the density-dependent growth projection matrix, Sis the survival matrix, and st
isthe vector of fish stocked-at-length at timet.
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The corresponding catch equation gives the vector c, of catch-at-length obtained during
thetimeinterval fromttot + dt:

¢, = Gg H (n, + st,) (A2)

where H is the harvesting matrix.

Grovvth projection matrix

The element g; of the growth projection matrix is the proportion of fish in the initial length
group j that contributes to the final group i. The matrix is constructed using the method of
Shepherd (1987). At time t + dt, the length interval [ L, Li+ 4] contains the surviving
individuals that at time t were within the interval [ L';, L';. 1] defined by the back-cal culated
lengths of the current bounds. The back-calculated length L'; of bound L; is given by

L', = {L; — L.g[1 — exp(—Kdt)]}/exp(—Kadt) (A3)
where L. is the L, at biomass B obtained from Eg. (1), and K is the von Bertalanffy
parameter K.

Once the former bounds of the length groups have been cal culated, the elements g;; of the
growth projection matrix are determined by the following algorithm:

it Ly < L'; < Ljy, then g; = (Ljy, — L'})/dL
if Lj < L'y < Ljyy then g; = (L;xy — L;)/dL
if L', < Ljand L;y; < L';y, then g; = 1.0

if L'y < L; then g; = 0

it L'; > Ly, then g; = 0

if L', < L; then g, = 1.0

The highest length class nn is defined as a plus group, it contains all individuals larger than
the lower length bound of the group.

Survival matrix

The elements s; of the diagonal survival matrix are the proportions of fish in length classj at
timet survivetotimet + dt. Survival §; is afunction of the size-dependent natural mortality
rate M; (Eq. 2), fishing mortality rate F, and gear selectivity v;:

Harvesting matrix

The elements h;; of the diagonal harvesting matrix are the proportions of fish in length classj
that are harvested during thetimeinterval [t, t + dt]:

h; = [Fvi/(M; + Fv))] [1 — exp(—(M; + Fv))dr)] (A5)



