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Abstract

South Asian small reservoir fishenes are culture-based, 1.e. rehant on the regular stocking
of seed fish. In this study, an analytical model is developed that can be used 1o estimate the
potential yield from such fishenes, and to expiore opiions in their management.

Density-dependent growth and size-dependent mortality are the key biological
processes 1n a culture-based fishery. Models for both processes are deveioped and tesied on
published data. The cost of seed fish and the selhing price of produce froem small reservair
fisheries are examined briefly, and are also modelled mathematically.

The sub-maodels for growth, mortality, costs and revenue are combined 1n 2 length-
structured model of a small reservoir fishery. The model is then used to explore the effects
of stocking density, size of seed fish. stapgered harvesting, and multiple stocking on seasonal
reservorr fisheries. The optimal stocking and harvesting of perennial reservoirs is also
investigated. Management guidelines are developed.

Finally, it 15 discussed how the model, and the conceptual insights gained from 1t, can
be used in the practical management of culture based reservoir fishenes.
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Chapter one

Inrroduction

Reservoirs are man-made water bodies that serve 2 vanety of purposes. Large,
"multipurpose” reservoirs serve hydroglectnce power generation and waler storage for
rigation and domestic use. Large reservoirs have only been built in South Asia since the
last cenlury, and are often associated with ecological, economie and social problems Most
of these problems and conflicts stem from two causes: large reservoirs lead 1o a large-scale
redistnbution of water resources and a disruption of seasonal flow patierns, 2nd larpe areas
of land are inundated and its inhabitants are displaced.

Small reservoirs serve mainly waler storage for urigation and domestic use They
affect the distnbulion of warter on @ local scale Only and are not normally associated with
ecelogical or social problems Small reservoir construction dates back more than 2000 years
in some areas of South Asia, like Sri Lanka (De Silva 1988) or Tamil Nadu it India (Naut
1992) At present there 15 a renaissance of small reservoir construction in many areas of the
tropics, Owing to the perceived immediate benefits of small reservoirs Small reservoirs can
be built and operated on a willage scale, thus keeping villagers in control of umigaton. In
addition, small reservoirs help te preserve ground water and mitigate soil erosion {Agarwal
1993). )

The use of reservours for fish production 15 a very recent development, dating back
only a few decades. Even in So Lanka wath its 2000 year history of small reservoir
construction, reservoir fishenes have only developed after 1950 {De Silva 1988). Fisheries
aspects are only now beginning to be considered in the construction phase of reservoirs. but
are still a low prionty.

Natural fish production in tropical Asian reservoirs is often low, even under eutrophic
conditions. The reason for this Jow fish production is an evoluuonary gne. With the
exception Of the Afncan Rift Valley and some volcanic areas {e.g. Java). the tropics are
essentially devoid of permanent lacustrine waters. Most economically important {reshwater
fish species live in rivers and depend on the floodplains for {ood and to complete their life
cycle. Few species are able 10 complete their hife eycle under lacustnine conditions (Fernando
1980, Lowe-McCongell 1987). Notabie exceptions zre the fishes of the great African lakes,
in parucular ulapia (Qreochromis spp.. Sarotherodon spp.) and various small pelagic species
(e.g. the *freshwater sardine”™ Limnothnssa miodon)

Cne possible answer 10 the lack of 1acustrine fish species in  (ropical Asialis the
introduction of African lake species, particularly tilama. Such inreductions have| seen



performed on a large scale since 1930, and have often resulted in considerable increases in
fish production and yield {Fernando 1980, Femando & Holeik 1988, 1991). Tilama is
considered a cheap source of high quality prowin for the poor. However. Indian major carp
and Chinese carp are preferred to tilapia in many regions of South Asia (particularly India,
Sreenivasan 1991). and command hugher prices on the market. Like ulapia, these species
have been imtroduced widely 1n South Asia outside their original area of distnbution. Unlike
tlapia. however, most of these cyprinids are unable to complete their life ¢ycle in lacustrine
waters, hence their populatiens have to be maintained by regular stocking of farm-produced
seed fish. The introductions are controversial, but are on the whole regarded as beneficial
(Welcomme {988, Fermando & Holcik 1991, Sreenivasan 1921). At present, there is a
tendency (owards increased utilization of indigenous species in reservorr stocking
programmes, and this involves a far amount of aquaculture research to solve the technical
problems of seed production.

Laree reservorrs are formed by damming a major niver, hence they are connected 1o
a riverine environment and offer a variety of habitats for fish. Therefore they support self-
perpetuating populations of various species and stocking only supplements natural fish
production. In contrast, small reservoirs are fed by runoff water, are not connected to rivers
and offer lLutle diversity of habitats. Hence natural recruitment in small reservoirs is almost
non-existent. and fishenes rely heavily on the regular stoclang of seed material.

Small reservorr fisheries combine elements of aquaculture and capture fisheries, and
are best referred to as culture-based fisheries. They are dependent on the regular stocking
of seed fish, and the fish population structure ¢an be controlled to a large extent. Most of the
seed fish are now produced in hatcheries, although in India and Bangladesh some of the
Indian major carp seed are still collected in rivers (Pillay 1990). Management of small
reservoir fishenes 1s limited to stockang, harvesting and in some instances fertilization with
manure or sewage Small reservoir fisheries are common or communal Property resources,
and may face similar problems (e.g. danger of "overfishing”) as ordinary capture fisheries.

Cuiture-based inland fishenes are gaimng it importance not only 1 reservoirs. In
many regions {(notably Bangladesh}, Mood control measures increasingly restrict the natural
recruitment to fish populations in temparal water bodies (oxbow lakes and natural
depressions, "beels") in the foodplains. Stocking of seed fish 1n such water bodies 1s
practised in an attempt to alleviate the loss of nztural recruitment. The contnbution of
culture-based fisheries o the totzl nland fish producton 15 on the increase throughout the
tropics, a tendency sometimes referred o as the intensification of inland fisheries. Hence,
although this study is concemed primarily with small reservoir fishenes, its resulls are also
relevant to an in¢reasing number of awher fishenes.

The following section summanizes briefly the limnological and fisheries charagtensiics
of smali reservairs. Three small reservolr fisheres are introduced in more detail. The present
practice of deterruning stocking and harvesting regimes for small reservoiwr fishenies is then
reviewed briefly A lack of conceptual understanding of the dynami¢s of culiure-based



fisheries is identfied as a key problem in their management. This study is an atempt to
improve the understanding of the dynamics of culture-based fisheries The last Section in this
Chapter details the organization of this study.

1.1 WIIAT IS A SMALL RESERVOIR?

Tropical smali reservoirs are defined here as man-made lakes, the biological productivity of
which is insufficiently utilized by natural fish populations so that the regular stocking of seed
fish results in a noticeable increase of fish producnon. This definition comprises a wide range
of different water bodies, without a clear boundary. The characteristics of South Aslan small
reservoirs are in many ways intermediate between those of fishponds, and of large reservonrs

(Tab. 1.1).

Table 1.); Charagterishics of tropical fishponds, small reservoir and large reservoir fisheries.

I Fishpand Small reservoir Larpe reservoir
Surfase area (hz) =1 P- 100 = 1N
Main purpase Fish culture Imigation, various lrigation. power
Flushing rate Very lugh High Low
| Nulrieot erigin " Allochthonous Aliochthonous Autochtbonous
|| Production Ir Very ugh Hizh Low
Macrophyte abundance | High High Low
Fish production based 100 % >0 % 20 %
on slockung JI
Stocking densily _Il_ Very bugh High Low
Risk High lolermedizte Low
Fertilizauon Yes Yes / no Ma
| Feeding Yes No Mo
Predalor & disease Yes Yes f oo Mo f
coniral
Stocking of camivores Yes / oo Mo No
Crwnership Private Communal Comumon




Small reservoirs typically have a surface area of less than 100 ha. However. the above
definition 1% not based on size explicitly. and it includes many reservoirs of surface areas
above 100 ha. Water level and volume of most small reservorrs fluctuate considerably during
the year, with the smaller ones drying up entirely (seasonal reservoirs or “tanks™). The
seasonal-perennidl distinction defines two classes of small reservoirs that are very different
with respect to their production ecology and fisheries management.

The flushing rate (rate of waler exchange) in tropical smal! reservours is usually very
high. Small reservanrs often resemble running waters in lerms of energy and matter flow, and
biological production 13 mostly based on nutnents of allochthonous ongin.

Productivity of small reservonrs 15 variable, depending largely on the allochthonous
input of nutrients, but often very high (Marten & Polovina 1982, Jhingran 1992).

- The rate of siltation in small reservorrs 15 often very high. a consequence of the high
flushing rate. Hence the maintenance of small reservoirs usually involves regular digging.

Macrophytes contribute significantly to primary production in unmanaged small
reservoirs, Often channelling the bulk of production into the macrophyte-deiritus chain.
Macrophytes limut the availability of nutrients to phytoplankton, reduce hight penetration and
lower the water temperature (Gopal er al. 1984). They also create adverse physico-chemical
conditions Like strong fluctuations in pH and oxygen saturation (Bohl 1982). However,
macrophytes may also be beneficial in breaking wave action on the shoreline and prevent
shore erosion. The management of small reservoir fishenes usually involves some
management of macrophyle vegetation.

The ecology and production of reservowrs changes rapidly during the first years after
impoundment. At first, nutrient leeching from the newly inundated land results in very high
primary production. However, this tngh primary produchon may not always transpire to
higher trophic levels, simply because food webs are only just evolving. The initial phase of
high producnon ("trophic surge"} is followed by a trophic depresston phase, before
productivity stabilizes at an intermediate level (Craig & Bodaly 1988). This evolution of the
reservoir ecosystem is typical for perennial reservoirs, but similar changes i productivity
are known from seasonal reserveirs and fishponds (Huet 1973). Seasonal reservoirs may not
show such a marked change in productivity, as they fall dry and are inundated perodically.
The productivity of small reservoirs is strongly influenced by management, and the trophic
depression phase can be aveided by fertilization.

Fish species siocked in tropical small reservoirs occupy a low trophic position, they
feed mainly on plankton, macrophytes. and sometimes zoobenthos and detritus. Hence
primary production is efficiently used for fish production, and the interaction between
stocked Species is limited to competition. Occasionally, predatory fish are swocked for
regulatory purposes, £.g. to prevent stunting of ulapia populations.

Small reservoirs are ofien called "Single purpose irmigation reservoirs” to differentiate
them from larger "muliiple purpose” reservoirs used manly for irngation and power
generation In fact, however, smalt reservoirs serve a wide vanety of purposes like irmigation
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of fields and vegelable pads. dnnking water supply. fshenes and fish eulture. and watering
of animals.

Small reservorr fisheries are often communal property resources, 1.2 the yse rights
to the resource are "held by an wdeniifiable community of users. who can exclude athers and
regulate use” {Berkes er al. 198%). Fisheries in farger reservoirs tend to be common property

reSOUrces.

1.2 A CLOSER LOOK AT THREE SQUTH ASIAN SMALL RESERVOIR FISHERIES

This secion gives a more delziled account of three South Asian small reservoir fisheries,
covering biological. management. economic and social aspacts. Although this study 1s mainly
concernad with biological aspects of production. economic and social aspects are crucial in
practical managemenl and will be considered to some extent in later Chapters.

1.2.1 Village Fishponds in Northeast Thailand

Northeast Thailand (Esarn} is one of the poorest areas in this otherwise economically fast
growing country. The main occupation of its rural inhabitants is paddy culture and tapioca
Erowing.

Since zbout 1985, the Royal Thai Dep‘anment of Fisheries (DOF) has been running
g village fishpond (VFP) programme throughout Northeast Thailand. Under the programme,
communal small reservoirs on 2 wvillage level are constructed or rehabilitated for the
development of a culture-based fishery. Village fishpends can be seasonal or perennial.
usually cover an area between 2 10 20 ha, and are around 3 meters deep. Fig. 1.1 (top)
shows such a village fishpond in Udom Than Province. Due 10 the stocking of grass camp,
macrophyte abundance in the pond is very low. By contrast, the unmanaged swamg adjaceat
10 the YFP is completely overgrown with macrophytes (Fig. 1.1 bottom).

The larger VFP's are perennial. but all are essentiaily managed as a seasonal fishery.
Seed material is stocked én June/July. and ponds are harvested comptetely 1n March/April,
during the dry season.

Stocked species comprise common carp (Cyprinus carpio). Chinese cap (bighead
Aristichthys nobilis. and grass carp Crenopharyngedon idella), Indizn major carp ({mnigal
Cirrhinus mrigala and rohu Labeo rohita). nile tilapia {Oreochromis nifoticus), and silver
barb {(Punrfus gorionotus). Of these species, only silver barb is indigencus to Thailand.
However, the potertial for other indigenous species s currently being assessed and these may
replace some of the introduced species in the longer run. The most important predators are
snakehead (Channa spp.). which may cause heavy losses of seed fish. Pen nursing of seed
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Fip. 1 1. Village tishpond 10 Monheast Thaland. Top: View of the village tishpood The surface arca of thi-
pod s wheet 3 ha Bodoem: Dam ol the village fishpand, with members ol the fshpond comnonee The
unmanared swany W the lefl of the dam v overgroen by maerophy e



to an advanced fingerhing stage has proved juccessful in medium sized reservoirs in NE
Thailand (Manni 1992). bui 1s not yet practised in VFPs.

Total annual yield from VFPs is about 60 kg/ha on average, but can be up o 600
kg/ha in well-managed ponds Stocked species contribute more than 0% to the total yield.
The catch consists largely of small fish, about 0.2-0.3 kg in weight. There is a particularly
high demand for fish in this size category, as the majonity of the local population cannot
affard to buy large fish.

The VFP is a communal resource, managed by a village fishpond committes, the
members of which receive some retevani training in DOF courses. DOF provides 100% of
the stocking material for free in the first year of operation, as opposed to 50% 1n the second
and 25% tn the third year. Thereafter, the village is expected to purchase all of the seed
matenial, using revenue from the previous harvest. Harvesting i$ organized in vanous ways.
Many villages sell "tickets™ (licences) to the public, allowing the ucket holder to fish with
a particular gear, often on only one "fishing day™ per growing peried. Other villages harvest
the pond themselves, or sell exclusive rights to mobile harvesting teams, groups of
professional fishermen Fish are mostly 50ld at the 1ocal or provincial markets. On the whole,
labour in the VFPs s low and occastonal.

Litle is known about the performance of village fishponds after withdrawal of DOF
involvement. [t appears that some are renning successfully, while others are abandoned. The
reasons for success or fallure are currently being investigated by DOF. The objectives of the
village fishpond programme are not oaly to increase the production of high quality protein
by and for the rural poor, but alsg to encourage private aquaculture.

1.2.2 Calcutta Bheris; India

The wetland impoundments or bhens near Calcutta 1n West Bengal, India, support
particularly producuve culture-based fisheries. Bheris have been constructed since abow
1940, and serve sewage treatment as well as food production Today, the Caleutta bherns
probably represent the world's larpest wastewaler-fed flshery {(Ghosh & Sen 1987). Individual
bheris usuzally cover a surface of about 100 ha, and are enly 1 m deep. Domestic sewage 15
fed into the bheris through long canals that act as seplic lanks, and bheri waler is later used
for the irrigaton of vegetable fields. +

Bheris are managed as conhnuous cullure systems. Seed availability. hence zlso
stocking, is linked to the reproductive season of the stocked species. Harvesting is
continuous, but catches reflect the variations in stocking rate. Stocked Species are Indian
major carp (catla Carla carle, mneal C. mrigoala and rohu L. rofuta), common Carp (C.
carpia). and Chinese carp (silver carp Hypophthalmichthys molitrix, and grass carp C.
idellay, and nile tilapia (O nilorica). The main predator is snakehead {Channa spp.), but its
influence is reduced by stocking advanced fingerlings of more than 10 cm length.
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Fig, £.2. Salban bhen nesr Cilowvite Iodia Top. Hanesbing with a4 <eine nel A helt of water hiaanth
{Efctrarnia crasaceps b 15 seen in the fiwepround. Bottom. Lunding the wateh Mot the ~mzll <1z of the tish.



Annual yield from the bhens averages at 2500 kg/ha (Ghosh & Sen 1987), but may
occasionally reach over 6000 kg/ha. Swocked species contribute more than 90% to the caich.
Average weight of the fish at harvesting is low, usually 0.2 to 0.3 hg. Produce is sold at Lhe
Calcutta municipal market. Demand 15 high for small fish, due 1o the limited buyng capacity
of the poor. However, the occasional large fish are also marketable and command a higher
price per unit weight.

Mosi bheris are managed by cooperative societies, and some by the West Bengal State
Fisheries Commission. Seed material is usually purchased from state or private hatcheries
and nursed 1n smaller pends adjacent to the main bheris. Harvesting is effected in a highly
organized way using seine nets. Labour 1n the bhen fishenes is high and continuons.

Fig. 1.2 shows the harvesting process in Nalban bheri, Sall Lake City, West Bengal.
This bheri is managed by the West Bengal State Fisheries Development Corporation. A fine
mesh seine net is used and larger fish for the marker are selected by hand. A belt of water
hyacinth (Efchhornia crassiceps) along the shore is protected from grass carp using a fence.
The macrophyte belt breaks wave actien and prevents shore erosion.

1.2.3 Irrigation Reservoirs in Karnataka, India

There are 54 irngation reservoirs in Karnataka state, India, on average covering about 4000
ha. and 10 to 40 m deep. Hence most of these reservoirs do not strictly fall into the "small®
category, but the culture-based component of reservoir fisheries is significant and 15 likely
increase in the future, Stocking of reservoirs in the state started around 1980 and is carried
out by the Karnataka Department of Fisheries.

The reservoirs are perennial, and are fished all year round, with a peak during the
monsoon when stocked fish aggrepate near the shore in an attempt to migrate into the (non-
existent) floodplain. Stocked species are [ndian major carp (catla C. carla, mrigal C. mrigaia
and rohu L, rohita), and common carp {C. carpio). The main predator is the catfish Wallago
atru, but hiitle information is avaslable on losses.

Total annual yield from the reservoirs averages at 10 kg/ha (Devaraj & Mahadeva
1990). Currently only 20% of the yield is based on stocked species, while W. antu and
varigus small “trash fishes” contribute 80%. Stocked species are caught at a relanvely large
size of 2 kg or more.

Access 1o the fishery is formally hmited through a licensing system, operated by the
fisheries department, but the licence fee is nominal and the number of licences unrestricted.

Fishing is not a traditional activity in infand Kamataka. Reserveir fishing 1s done by
a small and ethnically distinct group of migrant fishermen, enginating from the neighbouring
states of Maharashtra, Andhra Pradesh and Tamil Nadu. The characterisuc fishing craft are
so-called coracles: small. lizht weight, circular beats made from bamboo and fertihzer bags.
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Fig | 3 Hurang resenvonr, Kumataha  [odia Top. View of the dam Mote coracles above the shareline
Bttm: Migrant fishermen demonstranng o mllnet vsed e cotch stocked varpe A coracle under vomsdruchen
cun b seen an the backeround.
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Locally, these fishermen are called burde bestharu, or "fishermen fishing wath floats”. The
main Hshing gear aye gliinets, with some dragnets, castnets and longlines.

The marketing of fish varies locally and seasonally During the monsoon, réservoir
caiches are highest, and at the same time the landings of marine fish decline Reservoir fish
are bought by middlemen at the landing sites. and distnbuted throughout the state. Quiside
the monsoon, caches are lower and Tess attractive for middiemen. Fish are then seld at local
markets by women from the fishing communities.

Devara] & Mahadeva (1990) consider the "economic backwardness” of the reservoir
fishermen a serious limitation to reservoir fisheries development in the State.

The Karnataka Department of Fisheries encourages landless farmers to take up fishing
N reservolrs as an occupation, and some have already done 50.

Fig. 1.3 (top) shows the dam of Harangi reservoir in Karnataka, fleoded in 1982.
Coracles, the characteristic fishine crafts of the migrant fishermen, can be seen above the
shoreline. In Fig. .3 {(bottom). 2 migrant fisherman demonstrates a gillnet used to catch
stocked carp and the catfish W. aru. A coracle under construction can be seen in the
background, leaning against the house.

1.2.4 A Brief Camparison of the Fisheries

The three fishenes mtroduced here give a pood indication of the variety of culture-based,
"smal! reservoir” fishenes 1n South Asia (Tab. 1.2). Each of these fisheries could equally
well be classified as either extensive pond culture {Thai village fishponds and Calcutta
bheries), or a large reservoir fishery {Karnataka reservoirs). In the context of this study, the
unifying feature of these fisheries 1s the fact that all are based on regular stocking to a large
exlent, and that management 15 himited to stocking, harvesting and somenmes fertilization

The bulk of fish production in small reservours is cuiture-based, while in the large
Kamataka irrigation reservorrs, the culture-based production 1s relatively jow,

The Thai Village fishponds are mostly seasonal, while both other systems are
perenmnial.

Cyprinids figure prominently among the stocked species in all three fisheries, and this
is a general feature of culture-based reservoir fisheries in South Asian.

Ownership of the small reservoirs (village fishponds and bheris) is communal: an
identifiable community controls resource use, bears the cost of stocking and excludes others.
The larger 1rmigation reservorrs in Karnataka are common property. The costs of stocking are
born by the state, and access is open to all for a nominal licence fee.

Thai village fishponds and Karnataka reservoirs represent fisheries in an early state
of development, whiie the Calcutta bheris are long estzblished.
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Tab 1.2: A comparison of village fishponds in NE Thailand, Caleutta bheris (India). and imigalion reservoirs
in Kamauwska {India}.

‘ Willage Fishponds Calcutla bhens Kamataka reservolrs

Surface area (ha) I [ - 20 10K} = 1000
Depth (m) " 1-4 1 i0 - 40
Water regime Seasonal Perannial Perennial
Average production GO0 25G0 10
(kg/hafyear)
Culture-based B = 00 % > 90 % 20 %
Fertilizaton Yes / no (manure) Domestic scwape Na

| SPecies stocked ][ Cypruuds. ulapia Cyprinids, tilapia Cyprinids

. Fishing gear II Vanous Se1ne nets 01l pets
Average weight of “ 02-013 2.2-0.3 > 2
produce (kg)
Predators Snakebead Snakehead Catfish
Labour mput Occagional High, permanent Low, PErmanatt
Ownershup i Commnaal Cooperalive or state Common
Market | Local, proviacial Municipal Local
Established || 1985 1940 198D

1,3 HOW STOCKING AND HARVESTING REGIMES ARE DERIVED

Stocking and harvesting are the principal means of managing a small reservoir fishery. Hence
the management of such a fshery i1s mostly within the realm of population dynamics. In
conkrast, more intensive forms of aguaculture rely heavily on feeding. and stocking policies
are less cru¢ial in determining production.

This secnion provides a brief review of current pracuce in determumng stocking and
harvesting regimes in culwre-based fishenes. Here the term “stocking” always refers the
release of young fish, 1o be recaptured at a larger size, without aiming at the establishment
of a self-perpetuanng populaton.

The aim of stocking in South Asian small reservonr fisheries is the optimal utilization
of the productivity of the stocked water body. As fish production is essentially an economic
activity. optimal utilization of productivity has both a biological and an economic aspect to
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it. Stocking policies, if they exist, are usually based on a mixture of theoretical reasoning and
(mostly qualitative) past expenence. Systemalic analyses of stocking and caich data are rare.
The formulation of a management pc-lisy for a culture-based fishery involves decisiens

on a number of points:

{1y Selection of species for stocking:

(2) Size of seed fish;

(3 Stocking density;

{2) Temporal pattern of stocking:

3 Timing, selectivily and intensity of fishing

The following sections give a brief overview of the considerations involved in making these
~decisions.

1.3.1 Selection of Species

Fish species stocked are mostly destined for human consumption, though some are chosen
for their more indirect beneficial effects. Hence market demand 1s an important criterion in
the selection of species for stocking. This, of course, 1s obvious and nesds not be
emphasized.

In terms of production ecology, the idea behind stocking of reservoirs (as well as
pond polyculture} is to exploit "open niches” in the foodweb, in order w0 make full use of
the biological preduction potential of the water body. Consequently, the selection of species
should be based en an assessment of "open niches” in the reservoir. This procedure is not
often followed expheitly, but some related considerations are very common: for example, the
stocking of grass carp if macrophytes are abundant. Explicit considerations of niche
requirements and availability are documented in Anon. (1989}, for medium size reservoirs
in NE Thailand.

Certain species are selected for stocking because they have some positive effect on
the overall productivity of the water body or on certain populations. Examples are grass carmp
(C. idella), used to control macrophyte abundance, and the phytoplanktivorous silver carp
(H. molicrixy, stocked for its ability to wtilize and control algal blooms (Pillay 1990).
Predatory species are sometimes stocked to control the recruitment of tilapia in small water
bodies, and to prevent stunting.

South Asian small reservoir fishenes are generally aimed at high protein produetion,
rather than high value species. Hence the fish stocked occupy a position low in the food web.
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1.3.2 Size pf Seed Fish

The size of seed fish is an imporant consideration 1n a culture-based fishery. Predation
moriality and escapement of fish mlo ymigation canals depend on the size of stocked
fingerlings or fry Various mummum lengths for sead fish are recommended, usually between
4 and 15 em (Thingran 1986, Li 1988, Anon. 1992), but occcasionally up 10 26 cm (Tripathi
1971}. Such recommendations are usually based on experience, and systemalic investigations
are very rare.

Stocking of large fingerhings provides better returns (han stocking of smatl fingerlings
or fry, but there is 2 tradeoff with the production ¢osts for fingerlings, which 15 seldom
considered explicitly.

Small seed fish are dependent on & narrow range of food organisms. Hence small seed
fish are more likely than larger ones to suffer from starvation due to lack of appropriate
food

{n pracuice. seed fish are often smaller than the recommended minimum size, due to
limited nursing facilities

1.3.3 Stocking Density

Vanous approaches are used o determune stocking density. These include fixed guidelines,
experience, and a simple mode] that i1s used 1n conjunction with either past experience ar a
yield predictive mode]l. In practice, stocking densibes have often been determined by the
availability of seed matenal, but this constraint 1s becoming less and less important.

Fixed guidelines exist for stocking densities in Thai reservoirs (Chookajomn. pers.
comm ). These are based on experience 11 2 hmited number of waler bodies, and on some
theoretical considerations. Because the productivity of reservoirs tends to increase wilh
decreasing size, and small reservoirs support fewer natural fish populations, the
recommended stocking densities are highest for small reservoirs. The problem in using such
guidelines 15 that they do not account for the umque characteristics of any particular water

body.

The Schilperclaus-fiuet formula
In most cases, stocking densities are based on expenience, particularly of the fishery has been

in operation for some time. Pond culturists {Schiperclaus 1949, 1961, Huet 1973) have
suggested the following formula to determine the stocking rate of ponds

14



Froduction
rockiny densley = — - - + Expected loss 1.1
Srockiny Y Individual weight galn I: )

where stocking density (numbers), expected loss (numbers). and production {weight) refer
1@ the same umut area. Schiperclzus and Huet proposed this formula to be used if the total
production and losses of a particular pond are known from experience. The desired
harvesting weight (growth target) of the fish is chosen, and the stocking rate calculated.

The formula is widely used to calculate stocking densities for reservoirs in India,
where potental production is assessed using empincal yield models (Jhingran 1986, Jhingran
& Sugunan 1990).

Empirical vield models

Empirical yeld models predict fish yield (production) as a function of physico-chemical,
biological or fishery data. Such yield estimates .may be-combined with £quatnon {1.1) to
calculale stocking densites.

The selection of explanatory variables in yweld predictive models 1s-often based on
some theoretical considerations. but the empirical model itself only makes predictions
without attempting to "explain” anything.

To derive an empirical model for a certain type of water body, the medet is fitted to
data from a number of water bodies that display some vaniation in the explanatory variables,
but are as uniform as possible with regard to ali other parameters. The hitted model may then
be used to predict the yield in similar water bodies that did not form part of the initial data
set. At present, there is no set of well-studied tropical small reservoirs upon which an
empincal model might be based. The application of existing models for other types of water
body to small reservoirs does, strictly speaking, violate the very principles of empimical
modelling (Rigler 1982).

The following paragraphs provide a very bnef review of some yield predictive models
and their applicability to small reservoir fishenes.

The most widely used of the yield predictive models is the morphoedaphic ndex
{MEI), proposed by Ryder (1965) and reformulated inte 2 multivariate regression model by
Rempei & Colby (1991). The morphoedaphic index ss defined as the ratio of total dissolved
solids (TDS) to mean depth of the water body (Ryder 1965, 1982). Hence it compnises a
morphometric factor (mean depth) relating to energy and nutnient dilution and a partial
unidirectional sink for these two variables {Ryder 1978), and an edaphic factor {TDS)
relating to nutrient levels. Small reservoirs are charactenzed by very high rates of waler
exchange, and nutrients are predominantly of allochthonous ongin. Hence the morphoedaphic
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index 15 not generally applicable 10 small reservoirs, excepl those with a relatively low
flushing rate.

Hanson & Leggett {(1982) have shown that total phosphorus can be a powerful
predictor of fish yield in lakes, and this may also apply to small reservoirs with a high
flushing rate.

Various attempts have been made to estimate fish production or biomass from the
production or biomass at lower trephie leveis. As Oglesby (1977) has pointed out. such
models are inherently more accurate and Subject to fewer exceplions than those related to
morphoedaphic factors Regression models have been developed to predict fish yield from
gross photosynthesis (Melack 1976, McConnell ef al. 1977, Jhingran 1986), phytoplankton
biomass {Oplesby 1977) and pnmary production {Liang er a/ 1981, Moreau & De Silva
1991).

Saome models have been developed to predict yield as a function of fishing effort
{(Moreau & De Silva 1991) and/for stocking density (De Silva er gi. 1992). The latter models
have the advantage that they can predict optimal stocking densibes directly, given that other
parameters rermain constant. Also, these are the first models to use stocking and catch.data
directly in the optimization of stocking densities,

Most empirical models require extensive limnological sampling to produce resuits of
reasonable accuracy. This 1s clearly not feasible in small reservoirs. Stocking and catch data,
on the other hand, are often coliected as part of routine management. This information is also
hikely to give the best indication of possible improvements in Stocking densities, and methods
that utilize such datz hold a strong petential -for management.

1.3.4 Temporal Pattern of Stocking

In seasonal reservoir fisheries, stocking is done shortly after flooding, i.e. 1ts uming is linked
1o the water regime. The wemporal pattern of stocking in perennial reservoirs 1s largely
determined by the avalability of seed material, i.e. mostly linked to the reproductive cycle
ofithe species. Although some species can now be induced to spawn all-year round, seed
availability remains seasonal in many regions.

Small fish are dependent on a very narrow range of food organisms, hence their
stocking success is dependent on the successional stage of the plankton community. Larger
fingerlings are less specific in their food requirements, and can be stocked all year round.

1'3.5 Timing, Selectivity and lntensity ‘of Fishing.

in seasonal small reservoirs, the timing and selectivity of harvesung, s restricted by the
physical environment. Often, seasona reservoirs are harvested completely durng a short time
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before they fall dry. Staggered harvesung, i.e. the selective harvesting of large fish during
the growing season, is pracused in some reservoirs to improve the growth of the remaining
fish and 1o supply markeis with fish of relatively uniform size (De Silva 1988).

I perenmal reservorrs, few physical restrictions exist concerniang the chowce of fishing
patierns. Usually, gear selectivity is tuned to market demand for fish of gertain size classes
Smalil fish are n high demand in South Asia and this is reflected in the chowe of gear.
Temporal distribution of fishing effort can be fairly uniform if the fishery is dominated by
full-time fishermen. Often, however, 1there is an interaction with the demand for labour in
other activitigs {&.g. agriculture) or the demand for fish products, so that effort fluctuates in
response to factors external to the fishery. Finally, effort may be linked to characteristics of
the fishery, e.g. increased catchability of fish during certain times of the year which makes
fishing more attractive.

Small reservoir fisheries are often communal property resources, in which case access
to the fishery is limited. Some fisheries, particularly in larger reservours stocked by the
eovernment, are essenually open access and may be in danger of overfishing.

1.4 DEFINING THE PROBLEM

The dynamics of culture-based fisheries are poerly understood There are various concepts
and rules pertaining to particular aspects of culture-based fishenes, but no umfying
framework that would allow an understanding of their interaction

Consequently, there 1s also a lack of appropnate assessment methodology for such
fisheries. Assuming that some past stocking and catch data are available for a particular
fishery: how can such data be vulized to devise improvements in management, and what 15
the yield likely to be under improved management? If the fishery 15 currendy making-2 net
economic less, is 1t possible at all to change stocking and harvesting policies so that a net
profit will result? Such erucial questions are difficult to answer using the present, Limited
assessment tOO0Is.

This swudy attempts to improve the conceptual understanding of culture-based
fisheries, and to develop tools for the assessment of such fisheries on the basis of stocking
and catch data An analytical population model for a culture-based fishery is being
developed, and the dynamics of the fishery are explored. Some qualitative guidelines for
stocking and harvesting are derived. and an adaptive approach to the assessment of culture-
based reservoir fisheries is outlined
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1.5 ORGANIZATION OF TIHE TEXT

This study explores the dynamics of culiure-Based small reservoir fisheries using
mathematical modelling. Some contributicns are made to the development of assessment
methodology and management strategies.

Chapter 2 deals with the kev processes in the population dynamics of culture-based
fisheries: density-dependent growth. and size- and density-dependent mertality. Mathematicai
representations are proposed for these processes and tested on data sets from the literature.

Some economic considerations in small reservoir fishery management are introduced
in Chapter 3. The intentions of this chapter are very limited, it only includes considerations
direclly relevant 10 the choice of a stocking and harvesting regime. Of particular importance
n this Tespect are price-size relationships for seed fish and produce. These relahionships are
investipated in examples, and simple models are proposed which will be used in Chapter 4.

In Chapter 4, a general size-structured model for & culture-based fishery is developed.
It incorporates the sub-models for density-dependent growth and size-dependent morality
proposed in chapler 2. The model is used to expiore the dynamics of small reservorr
fisheries, and 1o derive gualitative guidelines for stocking and harvesung.

Chapter 5 deals with the management process. It is discussed how the model
developed in Chapter 4 and 1ts results can be used 1n practical management. and how an
adaptive approach o management can lead to a better understanding of the fishery, and in
turn o better stocking and harvesting.
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Chapter two

Growrh and Mortality in Culture-Based Fisheries

In order to manage culture-based fisheries rationally, it is crucial to understand the population
processes of density-dependent growth, of size and density-dependent mortality, and their
interactions. Standard analyltical {("dynanmuc pool™) fisheries models usually assume growth
and mortality to be constant in the recruited population, with density, size and environmental
effects considered to act primanly on the pre-recruits. All processes which determine the
number of recruits are lumped into an overall "stock-recruitment refatonship”.

A stock-recriitment ‘relationship, if it can be determined from empirical data, 15 a
useful tool in the management of natural fish populations, as recruitment ts mostly beyond
the control of the manager. in a culture-based fishery, the manager can choose the size and
number of seed fish, and the nme of stocking. Recruitment can therefore be controlled by
the manager if the density- and size-dependent mechanisms determining recruiiment are
understood. This is, of course, subject to the variation and predictability of {density-
independent) environmental effects.

Density-dependence in growth is the result of intraspecific competition. Competition
is inevitzble if resources are limited, and the feedback is instantaneous

Size-dependent mortality, 1.e. the decrease of the instantaneous morality rate of fish
with increasing size, 15 oflen attnbuted to the effects of predation, but may alse result from-
parasitism.

Density-dependent mortality can be caused by various biological mechamsms, and it
is proposed here to distinguish berween "competition-mediated™ and "predation-mediated”
density-dependence in mortality.

Competiton-mediated density-dependence in mortality results from the interaction of
density-dependent growth and size-dependent mortality. [f mortality decreases with increasing
size, then dense, slow growing fish populations suffer higher losses than thin, fast growing
populations. Hence mortality within the populaticn is density dependent. although the
mortality rate at any particular size is independent of density. Compention-mediated density-
dependence in mortality results from density-dependent growth, and 1s thus equally
instantaneous and ineviiable

Predation-mediated density-dependence results if mortality at size changes with
populanion density. Such a change of mortahty for a certain size group requires a functional
or numerical response of the predators to the population density of the prey. A numerical
response (increase in the predator population density) involves a substantial tme lag, and can
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be mitigated by predator control measures. Density-dependent mortality of the predation-
mediated type ma.y'alsu result from parasitism,

The following sections deal wilh density-dependent growth, and size znd density-
dependent mortality, All sections are organized in a similar way. At first, empirical evidence
15 reviewed. and biological mechanisms are idenbified. A mathematical model for the process
is then proposed. iested on an example, and some of its implications are explored.

2.1 DENSITY-DEPENDENT .GROWTH

Density-dependent growth has ofien been descnbed in wild populations, and Beverton & Holt
(1957) consider it "perhaps the best established of the density-dependent effects”. Early
published evidence includes Petersen {1894), Hile (1936), and Le Cren (1958). Backiel &
le Cren (1978) conclude that, in the absence of strong predation pressure, freshwater fish
populations will- often move towards the state of a dense, slow growing population. This
effect is well-known in the pond culture of some species, notably tilapia. (Pillay 1990).
Hanson.and Leggett (1985) have shown that intraspecific and interspecific competition 15
intense al natural densities in the hitoral zone of Canadian lakes, leading to growih rates not
significantly different from zero during 14 day expenments

Fish farmers of course have been aware of density-dependent growth for long, and
have taken account of this in their culiure practices. Scientific experiments on density-
dependent growth 1 pond culture have been conducted by Walter (1934) on common carp
(C. carpio} and tench {Tinca tinca) in Germany, and by Swingle & Smith {192} on blueg:li
{(Lepomis macrochirusy n the Umted States.

Biglogical mechanisms causing densily-dependence in growth

Although density-dependent growth 1s well known, its mechanisms are poorly understood.
In wild populations, density-dependence in growth is often attributed to competition for food
{e.2. Beverton & Holt 1957). Increasing density obviously means that a smaller share of a
limited food resource is available t each individual. Fish can partially compensate for this
affect by diversifying their food base, 1.e. feeding on items they would disregard under legs
competition (Contag 1931, Ivlev 1961).

The food resource itself will respond 1o ncreased grazing or predation pressure,
usualty with lower density and increased production. The response of the food resource s
little understood, although Beverton & Holt (1957) have considered it theoretically n some
detail, likening it to the exploiiation of a fish population. Ball & Hayne (1952), Crowder &
Cooper (1982) and Post & Cucin (1984) present empirical evidence thar a decrease in fish
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density leads to an increase in invertebrate prey density 1n lakes. No such evidence was found
by Hail et af. (1970} and Hanson & Leggett {1986), who aliso suggested that the results of
Post & Cucin (1984) may reflect behavioral responses of food organisms rather than true
changes in their population density

Competinon for space might lead to density-dependent growth in some species.
However, competition for space is primarily known from territorial species, where it appears
to act on mortality rather than oa growth {Le Cren 1973, Elliou 1985, 1993).

Other density effects are probably important at very high densities not normally
attained in natural populations or extensive aquaculiure. Shireman e al. (1977) have
demonstrated that low oxygen availability due to high population density depresses the growth
of arass carp (€. idella) even if fish are fed to satiation. Some cyprinids (Carassius carassius
and C. carpio) are known to release a growtn-suppressing pheromone ("crowding factor”™)
when kept at high densities (Pfuderer & Francis 1972).

Several of these effects will usually interact to cause a density response in growth.
If density changes by 2 moderate amoudnt, the change i growth will be mainiy quanutanve,
while large changes in density are likely to have a qualitative effect. different processes may
become dominamnt in shaping the growth response. For example, a population originally
limited by food suppiy may suffer from oxygen depletion at very high densiues.

Before moving on to the mathematical modelling of density-dependent growth, a
crucial question has to be asked: what density does density-dependence depend on? [n other
words, 18 a fish competing with all its conspecifics in the population. or with only some of
them? The answer depends on the mechanism dominating the density-dependent response.
In natural populations, competition for food is probably most important. [n species which
“undergo major ontogenic changes in diet (e.g. predators), a population may consist of two
of more sub-populations, with individuals competng within, but not between the sub-
populations. In species not undergoing major ontogenic diet changes, all individuals (with the
exception of early lifg-history stages) can be regarded as competitors.

Surpnisingly lirtle work has been done on the mathematical description of density-
dependent growth since Beverton & Holt (1957) There is no standard way of modelling
density-dependent growth. Two models are presented here: an empincal medel, and a model
based on the von Bertalanffy theory of growth. Both models use biomass density, 1.e.
biomass per unit area, as a measure of population density.

Walter’s experirments

Walter (1934) conducted a large number of stocking expenments on both mixed age
populations and single cohorts. The results of Walter's experiments are used in this study to
test the models for density-dependent growth.
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In one sel of experiments, Waller stocked populations of one 1o four year old carp in
unfertihzed ponds and ponds fertilized with inorgamic phosphate and liquid manure, at two
different densities. Mean weighls at stocking and harvesting were calculated for each age
group of fish, from data given in Tab. & in Walter (1934).

in another set of experiments, Walter stocked single cohorts of one and two year old
carp at various densities n ponds fertihzed with inorganic phosphates. Numbers and mean
weights at stocking and harvesting are given in Tabs. 34 and 35 in Walter {1934).

The experiments were conducted over periods of about six months, which represent
the full annual growth periodd under German conditions.

2.1.1 An Empirical Model for Density-Dependent Growth-

An empirical model 15 proposed here to describe the length increments AL of fishbver short
production periods At, as a function of the initial biomass density By ‘The model is given by

AL, =a-f 1n(8,) (2.1}

where e is the length increment at unit womass density, and 8 1s a coefficient describing the
response of length increment to initial biomass density.

The biomass density at which growth increments are zero is equal 1o the carrying
capacity B, of the water body and is given by:

Bh:el-i [2-2]

If only data on weight are available, the cubic root of weight can be used as a
substitute for length, assuming that fish grow isometrically.

Application of the model to Walter’s data

The empinical model is applied to Waiter's single cohort stocking expenments. The cubic
root of initial and final weight 15 used o calculate length increments (in units of kg'?).

In Fig. 2.1, length increments are plotted against the loganithm of initial biomass,
resulting in a linear relationship. The parameter estimates of the regression line are =716
kg'? and 8=-2.73 kg'?/In(kg/ha), with a coefficient of determination-* of 0.93.
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Fig. Z.1. Length increment of carp in Walter's expenments. plotted against the imuial biomass siocked on a
loganthmic scale. Carp in their first (@) and second { +) summer.

2.1.2 A Maodel Based on the von Bertalanffy Theory of Growth

Beverton & Holt {1957) have studied density-dependent growth within the framework of the
von Bertalanfty growth functon (VBGF), and proposed a model briefly summarized below.

The VBOF was deduced by von Bertalanffy on the basis of the action of anabolism
and catabolism. In the form of the VBGF commonly used in fishenes,

G- _g(r-1.) (2.3)

at

the parameter K is a measure of catabolie activity, while the infinite length L, is related to
anabolic activity. Catabolhe actvity, the breakdown of body materals. 15 assumed to be
independent of food consumption Anabolism, hence L, is clearly dependent on food
consumpton. Competition for food is thus expected to influence L, but not K. Therefore,
in order to modet density-dependent growth, L. 15 expressed as a function of density.
Beverton & Holt assumed food Supply to be the main limiting factor for fish growth

They considered the effects of fish grazing on the production of their prey popuiations, and
concluded that given such a predator-prey system in an equilibrium situation, the infinite
length L, tn the fish (predator) population will be a hnear function of s density, over same.
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range of densities. Beverton & Holt point out that this conclusion 1s subject to certain
constraints: [t applies to an equilibrium situation only, and the linear relationship will break
down if there are large changes in pepulation siructure. Beverton & Holt argue that density
in numbers will yield a better relationship than biomass density

Formulation of the model

Beverton & Hoit's density-dependent®VBGF growth model can be generalized so that it can
be applied to certain situations not considered by Beverton & Holt. The peneralization is
based on the propositions that (1) the linear relationship berween L, and density also holds
for ¢enain non-equilibrium Situations, and (2) biemass density 15 an appropriate measure of
densitly, éven in non-equilibrium Situations.

The density-dependent infinite length Loz can be defined as a function of
instantaneous biomass B:

Log=L_-d B (2.4)

where Ly, 15 the limiting infinite length, which fish would approach in the absence of
competitionr. The coefficient d is the slope of the linear relationship between infinite length
and biomass density. The equivalent expression for infinite weight W g as a function of

biomass 15:
' 2.5
Wop= (Wai'?-c B)? {2.9)
The coefficient ¢ of the weight equation is related 10 & by
c=d a'/? (2.6}
where a is the coefficient of the 1somelric Iength-weight relationship:
W=a L? {2.7]

Introduction of thése terms iato the differenual form of the VBGF results n"the
following models, whiCh give the instantaneous rates of lenpth and weight growth of fish as
a function of individual size and population biomass density B, for length:

dr,

g K{Le-L.+d B,) (2.8)
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and for weight:

wi?-c B

W:_ <4
1- 2.

The parameters L,,; and W,,, are dependent on the productivity of the water body.
they have no physiological significance cutside the partucular environment in which they were
measured. A somewhat paradoxical situation arises if the model 1s applied to a single fish:
since the biomass density of 2 population consisting of one fish is still greater than zero, thar
single fish cannot reach the infinute himiting size unless the coefficients ¢ and d are zero. One
possible way of solving this problem would be to define B, as the biomass of competitors of
the individual whose growth is being modelled. so that B, equals zero for a single fish.
However, the predicted growth would then depend on the unit area on which the biomass
density is defined, because removing one fish makes a much bigger difference if the unit area
is small than if 1t is large. Hence this would effectively introduce another parameter into the
growth model. Fortunately, the whole problem is of little practical significance, and needs
not io be considered further.

Anather problem occurs when some fish are greater than W, or L.g. According te
the model, such individuals would shrink in length and weight. Wiile fish can loose weight,
they are unlikely to shrink tn length. Hence weight loss occurs as a loss of ceadition, and
rcpresents a strong departure from isometric growth The VBGF model 15 based on the
assumption of isometric growth. and can not fepresent changes in condition adequately.

The growth madel as formulated above can be used in two situations: One is in the
case considered by Beverton & Holt of a population near equilibrium, when the population
structure is approximately stable. The other case is that of 2 single cohort, i.e. when all fish
are of approximately the same size.

In the near-equilibrium situation in a multi-cohort population, biomass is constant and
the growth of fish is described by the standard integrated form of the VBGF, with the infinite
tength L.p weight W,

A single cohart 15 about as far away from the equilibrium situation as can be.
Consider small fish stocked 1nto a pond or a lake ar moderate density. At first, there is hitle
competition and growth is fast. Biomass increases rapidly and compeltition gains in intensity,
so that L5 and W, decrease quickly with increasing individual Size in the cohort. Hence
the growth of a single cohort can not be described by the standard integrated version of the
VBGF, which assumes a censtant nfinite tength or weight. The bicmass density of a cohort



is simply its density 1n numbers N, times (e mean weight of individuals W,, hence the
welght growth rate 15 given by:

w.il-c N, W,

dw,
=-3 K W {1- —

eT: = J (2.10)

Unfortunately, this Equation can not be integrated explicitly to give weight as a funcoon u:f
time. It can only be soived numercally (see Appendix B). The equivalent expression (o
(2.10) for length growth 15 derived in a similar way, by substituting NW, for E, in Equation
{2.8).

The infinite weight W, that is approached by individuals in & cohort of density N
15 obtained by setting Equanon (2. 10} to zero:

Waltve N W =W, (2.11}

This equabon has several solutions, which can be calculated from rather awkward formulae
However, there i5 only one selution for which 0<W_,<W,,,, which is best determned

numerically.

Limitste-the applicability of the VBGF model

Under which conditions can the model be expected to provide a good description of field and
experumental data? The central consideration here 1§ that of the food populations preyed upon
by the fish population. Fish of different size wall ofien have preferences for different food
organisms, This is particularly pronounced in gape-limited predators, while overlap is hkely
to be larger for omnivorcus botom feeders, and still larger for plankion feeders. When there
is=little overlap, competition for food at a given biomass of fish is much smaller if the
populaucn comprises fish of various sizes, than if all fish are of a similar size and rely on
the same food resource. Hence the competition coefficient ¢ will be different berween
population structures. If overlap is large, competition at a given biomass is almost
independent of population structutre, and a single value of ¢ might apply to virtually all
population structures. The growth of a single cohort can be described by the model if either
food- preference does not change with size, of the various food populations utilized during
the growth period are of roughly similar productivity.

However. the mechanistic foundation of the model given by Beverton & Holt (1957)
should not be overstressed. The main crtenon for the applicability of the model to a
particular population is whether it provides an adequate description of the available data
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Fitting the model

Fitling the model involves the aumencal solunon of the growth equanon (Equation 2.8 or
2.9), and estimation of parameters of the non-linear model (Appendix B). The technique
employed here 15 as follows: Mortality is assumed to be an exponential process independent
of size, and monalify rates are caleulated for each experiment from the numbers of fish
stocked and harvested. The weght of fish at stocking is taken as the independent vanable,
and the weight at harvesting 15 predicted using the growth equation and exponential mortality.
The parameters of the growth function are esnmated as the combination which munimizes the
difference between predicted and observed weight at harvesting. The objective function is the
sum Of squared differences of the log transformed predicted and observed weight. The
loparithmic transformation 1s applied in order to ensure homogeneity of variance. The
goodness of {1t is assessed on the basis of residual plots, as only aggregated data {mean
weight) are available for most experiments.

In this fiting procedure, the weights al stocking are laken as independent vanables
and are assumed to be known without efror. This may give rise to some bias in the parameter
estimates. A simple way of assessing the magnitude of this bias is t0 run the estimanon
"backwards”. 1.e. to take the weight at harvesting as the independent variable, and the
stocking weight as the dependent variable. The bias in the parameter estimates 15 smaller than
the difference between the "forward” and the "backward™ estimates

Results: Walter’s experiments

The model for density-dependent growth 1s based on the von Bertalanffy growth function,
hence a condition for its applicability to a mixed age population near equilibrium is thart the
growth of fish can be described by a standard VBGF. A simple, visual test for this criterien
1s provided by the Ford-Walford plot (Ricker 1973). For each population, a plot of the cubic
root of final weight against the cubic root of initial weight for all age groups 1s expected to
give a straight line, if growth follows a VBGF. Fig. 2.2 shows such plots for the fertilized
and unfertihzed ponds. The data for high and low stocking density are given in the same
graphs. Lines were fitted by eye, subjec: to the constraint that their slopes (1.e. the value of
K) should be the same for both siocking densities. Infinite weight W, the intercept of the
fitted line and the line of slope 1, is higher at low density in both fertihzed and unfertilized
ponds. in the unfertilized pond at high density, the four year old carp are larger than W, and
consequently suffer a loss of weight, while younger carp show positive growth. On the whole
the dala are well descnibed by a VBGF, but there are some systematc departures, which will
be referred to as "outliers™ in the following paragraphs. The growth of three year old carp
15 always exceptionally high. Negative weight growth is incompatible with the isometric
growth assumption of the VBGFE. hence the four year ¢ld carp in the high density,
unfertilized pond should be excluded from the analysis for principal reasons.
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Using the technique cutlined above, the model was fitted to data from Walter's mixed
age and single cohont expenments. The time interval between stocking and harvesting was
assumed to be one year, thereby averaging out seasonality in growth. The setting of the time
interval only affects the estimate of K. If a2 half year interval (the true duration of the
expenments) was assumed. K would be twice the annual value, and would describe growth
during the summer period only.

Parameter values estimated form the data both including and excluding "outliers” {see
below) are given in Tab. 2.1, All parameter values are different between the expenments,
partly because the VBGF parameters are highly correlated, i.e. various combinations of the
parameters K and W, fit the data about equally well. This problem can be overcome by
fixing the one parameter thal 15 not expected to vary between expenments at some sensible
value, so that variations i the other parameters can be interpreted. W, is related to the
productivity of the water body, and ¢ 1s dependent on the population structure. hence only
K 15 expected to be the same in all experiments. Estimates of K vary between 0.19 and (.27
y' (Tab. 2.1), and K is fixed at 0.25 y'.

Tab. Z | Parameters of the density-dependent VBGE growth model, estimaled from Waller's experiments. All
three parameters estimatad.

Full data ==t "Ouiliers” excluded ]I
K WD_L c K w'ﬂ'L c
) (') (kg) {ha kg'**) {r') (kz} {ha kg*?)

Fertilized ‘ 023 44 10 0.0068 023 43.47 0,09
o

22.92 0.0073 Q.26 12.40 00063

Llnfertiluzed
Cohart Il 022 31.49 Q.0083 0.27 23 60 0.009G
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The estimanon procedure is repeated with fixed K, and the new parameter estimates
are given in Tab. 2.2. Residual plots are shown in Fig. 2.3 for the mixed age expenments
and in Fig. 2.4 for the cohort experiments.

Tab. 2.2. Parameters of the density-dependent VBGF growth model. estimated from Walter's experiments. The
value of K is fixed at 0.25.

|- Full data set "Outliers™ excluded
I K W, c K W =
" {kg) (ha kg **) ") {kg) (ha kg*?)
Forward fut I
Fertilized ‘l 0.23 357 0.0063 025 | 36 l 0.0065
Unfertdizad " 0.25 12.8 0.0059 0.25 12.9 0.0064
{| Cobon || 0.25 4.8 0.0075 025 | 285 | 00095
| Backward fit "
Ferulizad " 0.25 34.3 0.0058 Q.23 342 0.0038
Unfertilized " .25 11.4 {.0049 0.23 11.3 0,049

In the mixed age experiments (Fig. 2.3), the data points idenufied as potential
"outliers” on the basis of the Ford-Walford plots do indeed account for the largest residuals
of the density-dependent model. Hence these residuals reflect a problem of the basic VBGF,
rather than its density-dependent extension. If the outliers are excluded, residuals still show
a systematic pattern in both the fertilized and unfertilized ponds. However, the residuals are
so small that this patiern can be 1gnored here. The exclusion of "outliers™ from the mixed
age experiments has a negligible effect on parameter estimates (Tab. 2.2). hence there is no
nead to examine the "outliers” further

In Fig. 2.4, residuals for the cohort expenments are plotted against the hiomass
stocked, and apainst the predicted weight. It can be seen that the residuals are small_and
apparently random oveér a wide range of biomass. Experiments at the extremes of biomass
are nol described well by the model (i.e. they are "puiliers™ in this sense) and should-be
excluded from parameter estimation If these extremes are excluded, the model provides a
very goed fit to the expenimental data over the rémaining range of densities. Exclusion of
extreme densities in the cohort experiments does change the parameler esumates. All furiher
anzalysis of the results is conducted on the estimates obtained when outliers are excluded.

“Backward fiI” estimates have been obtained for mixed age experiments only. In the
cohort experiments, weight at stocking 1s often very low, and weight at harvesting shows
high stochastic variation Hence the prediction of weight at stocking from weight at
harvesting frequently resulted in negative values.
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Fig, 2.3. Residuals {Log ohserved nunus log expected weight) of the VBGF growth model fitted to Walter's
mixed age data. Using the complete data for (A) fertilized poads, and (B} unfertilized pands. Afier removal of
“outhiers” (see 1ex1) for {C) fertihized ponds and (D} unfertilized ponds Labels denote high or low sipcking

density (H, L) and the age group of carp {1 to 4 summers).

"Backward fit" estimates of W, and ¢ for the mixed age experiments are consistently
lower than the "forward fit" esimates. The difference 1s below 10% 1n all parameters for the
fertilized ponds. but 22% in ¢ for the unfertilized ponds. The true values of the parameters
are likely to lie in between the twa estimates, and claser to the “forward fit" estimates.
Hence the "forward fit” estimates are probably biased moderately upwards, by not more than
10%

The estmated value of W, 15 highest for the fertilized ponds and lowest for the
unfertilized ponds used 1n the mixed age stocking experniments, while value of W, for-the
single cohort experiments 15 in between the two. W, reflects the productivity of the ponds,
and the estimated values are in good agreement with the fertilizer input received by the ponds
(phosphate and manure, phosphate orly, and na fertilizer at all).

The competihion coefficient ¢ is very similar for the mixed age stocking expenments,
the difference in ¢ between fertilized and unfertilized ponds beingibelow 7% . In contrast, the
competition coefficient for the single cohort experiments is about 50% higher than that for

mixed age stocks.
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Further exploration of the growth modei

In the preceding Sections, it has been shown that the proposad model can give a good
Tepresentation of some expenmental data on density-dependent growth in carp. Here, the
model and some of its consequences are examined 1 more detail, with particular reference
to 2 single cohert The parameter values esumated from the single cohort carp populations
in Walter's expenments are used as an example.

The growth response to stocking density in single cohorts is illustrated 1a Fig. 2.9,
which shows the predicted individual weight growth 1n a single cohort of carp as a function
of stocking density, for no mortality. All fish are stocked at nme 0, at an individual weight
of 0.05 kg. [ndividual weights after 6, 12 and 24 menths are shown, together with W,
Both density and weight are displayed on logarithmic scales, a procedure commen in plant
yield-density studies (Kira er el 1953, Harper 1977). At very low density, growth is
primanly limited by the physiological prawth potential ef the fish, and almost independent
of density. At higher densities, weight at age decreases rapidly with increasing density. All
weight at age curves in the log-log plot approach a straight line of slope -1 at very high
density. This means that under strong competition, mdividual weight 1s inversely proportional
1o cohort density, and total biomass is constant. Fig. 2.5 {(B) supports this model prediction:
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it shows that the weight reached by C1 at the end of the growth period approaches‘ibe -1 hine
at high density, but departs from it af densines below 100 fish/ha.
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Fig. 2 5. (A) Predhered weight of carp, «fter 6, [2, and 24 months, and W, as a funciion of stecKing density
Initial werght at time 915 0.05 kg. No mortaliuy. Nowe loganthmue scaling on both axes, A straight fine of slope
-1 denotes constant final biomass, Pamameter values: K=0.25 y', W. =285 kg, ¢=0.0095 ha k™. (B}
Weight al harvesting of one year old carp im Walter's experiments. plotted against the density ar harvesting The
axes are the same a5 1t (A).

Growth trajectories (weight at time after stocking) are shown in Fig. 2.6 for cohorts
of various densities. As menuonsd earlier, under the density-dependent growth model
proposed, growth of single cohorts does not follow a standard VBGF pattern. However,
cohort growth trajectories can be approximated by a standard VBGF. If a standard VBGF
is used to approximate the growth of a single cohort, W, equals the W ..y derived from the
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density-dependent model, which decreases with increasing density. The higher the 1nital
stocking density (hence biomass), the less time it will take the fish to reach their final weight.
Thus, K will increase with increasing density. This is shown in Fig. 2.6: at the highest
density (1024 fish/ha). fish reach their final weight in less than a year, while at lower
densities they still grow at the end of their second year.

l
(=1

k]
n
—

Weght {kg)

oo 02 04 06 08 10 12 14 18 18 240
Age (years)

Fig. 2.6 Growth lrajectones (weight at time after stocking) for single cohorts of carp at varnious stacking
densilies Initial weight 0.05 kg, No mortality. Densities are 2 (W), [28 (), 256 (*) and 1024 (3) fish per
hectare. Parameter values: K=0.25 y'. W_ =28.5 kg, ¢=0.0095 ha kg**.

Various indices have been developed for the comparison of fish growth performance
between species and between culture systems (Pauly 1981, 1985, Moreau er of. 1986, Pauly
et al. 1988). These indices are based on the standard VBGOF parameters estimated from
experimental data, and do not take account of stocking density explicitly {although density
15 an implicit trait of the particular colture system).

To explore the effect of stocking density in single cohort culture, a standard VBGF
15 fitted to simulated growth trajectories for various densities, including those depicted in Fig.
2.6, W, 15 calculated as W, from Equation (2.11), and corresponding values of K are
calculated for each 0.1 year ime-step over the first two years after stocking. As growth doés
not stnctly follow a VBGF pattern, estimated K values increase with ime afier stocking (i e
increasing competition) and the arithmetic mean of the values 1s used in the assessment of
growth performance.

The estimated VBGOF growth parameters for a range of densities are plotted in the
auximetric giid in Fig. 2.7, The auximetnie gnd {(a plot of K against W, on loganthmic
scales) was introduced by Pauly (1979) for the comparison of growth performance between
fish populations that differ in both VBGF parameters. In the anximetric grid. lines of slope -
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1 are isolines of growth periormance (1.e. all fish on one such line have the same growth
performance}. Each line corresponds 10 a particular value of the index P of growth

performance:
P=log,, (W. K (2.12)

The index P 13 related to the maximum growth rate the fish of a certain population attain
during their life. at the inflection point of the weight growth curve (Pauly 1979).

Fig 2.7 shows a clear progression wowards lower W, and higher K with increasing
density The growth performance P decreases from 3.8 10 2.7 when stocking density 1s
mncreased by three orders of magnitude.

K (i/year)

01-

Fig. 2.7, Posinon of carp in the auximeinc grid. {®) Predictions of the frowth madel for single cohorts at
various stocking densities. Labels indicate sipcking density. Parameter values: K=0.27 y'. W_ =285 kg,
<=0.0095 ha kg??. (+) Wild populations of common carp. (a) Camargue, (b} Lake Aral (¢} natral and {b)
stocked populations n the Neusiedierses. (o) females and {f) males in Clear Lake, Ohio. Growth parameters

from Tabk. 2.3,

For companson, VBGF growth parameters have been estimated from pubiished daia
for some carp populations in temperate waters (Tab. 2.3).
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Tab. 2.3. YBGF prowth parameters for some populations of common carp 1o temperale waters.

Population K (v} W (kg) Source of data

|I Camargue o.19 3.00 Crvelli 1981

Lake Aral g9 527 Mikalskn 1940

Neusiedlersza
natural 040 2. 48 Untergberbacher 1963

stocked 018 14.82 I
Clear Lake

females 0.52 6.98 English 1933

males 0.63 3.2l t

The growth parameters of these populations are alse shown in Fig. 2.7. The growth
performance of these populations 15 within the range of values predicted by the model for
extensive pond culture under various densities.

2.1.3. Discussion
The empirical model

Various workers concermned with the analysis of pond stocking experiments or the growth of
juvenile fish have found that observed weight increments decrease linearly with increasing
Iogarithm of population density in numbers (Le Cren 1938, Johnson 1961. Brocksen er al.
1970, Backiel & Le Cren 1978). The empincal model presented in Secuon (2.1.1) 1s both
a modification and a generalization of this relationship Length increment is substituted for
weight increment, and initial biomass density 15 used instead of density 1 numbers. The
advantage of using biomass density is that a single model can be used for fish of various
siZes at stocking.

The empincal model provides an excellent descniption of the growth of both one and
two year old carp in Walter's single cohort experiments. This indicates the value of biomass
as a predictor of growth.

The empirical model implicitly makes a number of unrealistic assumpnons, which
Limit 1ts applicability. First, all fish are assumed te grow by the same length increment at a
given density, no matler how large they are at the time of stocking. Second. decreasing
density always leads to increasing growth increments, there is no physiological or
environmental limit to fish growth. Third, alt fish (independent of their size) cease to grow
at the same omass density B. of the populauon. This is at odds with the von Bertalanify
theory of growth. where the growth rale approaches zero only for fish that are close to the
infinite maxtmum size, while smaller fish continue to grow. Walter's mixed age stocking
experiments in unfertlized ponds clearly demaonstrate that small fish 0 2 population can still
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srow, even if large fish in the same population loose weight due to food limitation (Fig. 2.2).
This result lends support to the won Bertalanffy theory of growth, and pinpeoints the
limitations of the empincal model.

The VBGF-based model

The VBGF-based model for density-dependen: growth provides an extremely good
description of Walter's carp prowth experiments over a wide range of densities. Only 2 part
of this range is of pracncal interest in Culture-based fisheres.

The "forward fit" estimates of the parameters are likely t¢ have a smaller bias than
the "backward fit" estimales, because the stocking weight is usually known with a smaller
error than the harvesting wesght. Hence the bizs of the "forward" estimates is probably
smaller than half of the difference between the "forward” and "backward” estimates.
Moreover, the main purpose of the model is the prediction of harvesting weight from
stocking weight, and Krutchkoff (1967) has argued that for this purpose. its parameters
should be estimated in the same way (1.e. taking stocking weight as the independent variable
and harvesting weight as the dependent varable). This matter is, however, stili controversial
{Lwin & Maritz 1982).

The estimated value of the VBGF parameter K is in good agreement with estimates
fram wild populations of common carp 1n temperate areas {Tab. 2.3). This is reassuring of
the model. It also suggests the possibility that K values estimated from natural popuiations
can be used in the density-dependent model, thus reducing the number 0f parameters to be
estimated for a particular fishery to two.

The competnon coefficients estimated from the mixed age expenments are very
similar, despite a large difference in the productivity of the ponds. If this was generally the
case, such compention ceefficients for particular species and population structures could be
esiablished in experiments, and then used to model the growth of simular populauons in other
water bodies.

The competition coefficient for Single cohorts is much higher than that for the mixed
age populations. This is 1n agreement with expectations: For a given blomass, compehition
15 more intease tf this biomass 15 made up of fish of roughly the same size, than if it is made
up of fish of different sizes. exploiting a wider range of food organisms The model gives
a very good description of density-dependent growth for each population structure separately.
However, it cannot accurately predict the growth response under changing population
structure.

The growth model as proposed here does not account explicitly for seasonality in
growth A seasonal term could be tniroduced into the modei. but this would alse mean the
introduction of at least one additiona] parameter. Hence the non-seasona) model as presented
here 1s the best choice in all situanons where there 1s no need to consider seasonality
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explicilly. If the growth period is predefined and constant. the seasonal effect on growth is
always the same, and 1t does not affect the modet predictions. This is the case in Walter's
growth experiments,

The density-dependent VBGF model predicts that single cohorts 1n extensive culture
(withoul feeding) do not strictly follow a standard VBGF patern of growth. Nevertheless,
their growth trajectories can well be approximated by 2 VBGF, the parameters of which are
dependent on the stocking density. The higher the Jensity. the lower W, and the hugher K
Prein (1990} has noted that nlapia in extensive culture grow to a small W at a high K,
wihile intensively grown tilapia grow to a higher W, at a lower K This observation 15 in
perfect agreement with the predictions of the density-dependent VBGF. 1n intensive culture,
fish are fed according t0 their requirements, and growth is limited by physiological
constraints rather than competihon for food.

Growth performance in extensive culturg 1s dependent on siocking density. This
should be bome in mind if the index P of growth performance 15 used to compare culture
systems or species.

The growth performance of carp in temperate waters is generally similar to or shghtly
higher than that of tilapia in the tropics (Pauly er o/ 1988).

2.2 SIZE AND DENSITY EFFECTS ON MORTALITY

The relationship between size and mortahity of fish is of particular interest in 2 culture-based
fishery, because it pertains directly to the optimal size of seed fish. Moreover. size-dependent
mortality and density-dependent growth interact to cause competition-mediated density-
dependent mortality Compenbuon-mediated density-dependent mortality does not invedve a
change in mortality with population density for any given size group. Conversely. ~predation-
mediated” density-dependent mortalily oceurs when the mortality rate for a given size of fish
changes with population density

2.2.1 Size-Dependent Mortality

There 1§ strong evidence for size-dependent mortality on the level of fish populations (Pearcy
1962, Ware 1975, Craig 1982. Wemer 1986), as well as communities and whole ecosystems
(Peterson & Wroblewski 1984, McGurk 1986) [n culture-based fisheries, the principal
interest 15 1n the morntality-size relationship within populations.
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Biological hasis of size-dependent mortalizy

Size-dependence in mortality of fish is primarily attributed to predation (Craig 1982, Peterson
& Wroblewsky 1984, Wemer 1986, McGurk 1980). Peterson & Wroblewsk (1984) use the
theory of biomass size spectra and predation to deduct & theoretical relationship between
predation mortality and size.

Parasitism i$ also potentially an umporant source of size-dependent mortahity. Fish
culture research has shown that young fish are particuiarly vulnerable lo many viral. bactenal
and protozoan infections (Sinderman 1986). There is, however, Little information on
mortalities caused by such 1nfections in the natural environment.

Young. small fish are more specific in their food requirements than larger ones, and
at the same time they are less able to withstand periods of starvaton (Wootton 19905, Hence
a shortage of adequate food may also give rise 1o size-dependent mortality.

The model

Peterson & Wroblewsla (1984) have arpued on theoretical grounds that mortality can be
descnbed as a power function of weight. They also presented some émpirical evidence for
such relationship, as did McGurk (1986, 1987). Therefore, the following model is proposed
to describe mortality a8 2 function of weight:

AN {2_13
Mh,:Mr [F] ]

¥

Here M,, is the mortality rate at weight W, W, is a reference weight at which fish are subject
to mortality M,, and the negative exponent ¢ describes the change of mortahty rate with
weicht. This model is a slight modification of the one proposed by Gulland (1987) The
comresponding modet for length is

-ig
M, =M, [i‘-] (2.14)

where M, is the mortality rate at length L, L, is the reference length, and M, 1s the monality
rate at reference length The exponent -3p is based on the assumption of isometne growth.

If the. instantaneous mortality rate 15 a function of weight as defined by Equation
(2.13). then the mean mortality rate M, ; suffered by a cohon during the ume penod [t,.1;]
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1§ given by

M, =M Wt [T - CIn (/W) (2.15)

Ly

where N, and N; are the-numbers in the cohort at times 1, and t,, respectively.

Estimation of the parameter p

If estimates of the instantaneous mortalily rate at size are available. the parameéter g
can be delermined by hnear regression of Jog mortality against log weight {or length).
Estumates of instantaneous mortality rates can be obtained by following Lhe decline in
populauon numbers over a very short time span, so that the influence of growth 15 negligible.
This approach requires a high sampling effort, and few such data sets exist.

Mean mortality rates over a lenger period are more readily available, logether with
weights 3t the beginning and at the end of the period. The mean mertality rate Juring a time
period [t,, L] is the integral of the instantaneous mortality rates over the period {Equation
2.15), 1.e. 1l depends en the growth pattern as well as on the mertality-size relationship
hence the esumation of ¢ from mean morality rates requires nformation on the growth
patern during the peried over which the mean mortality M, , was measured. In the absence
of such infermation, an approximate estimate of 0 can be obtained by linear regression of
the log of mean mortality against the log of weight at mean length:

Ind{M, ;) = 1nlsm) - o Indw ;) {2.16}

where W°, ; is the weight at mean length during the period (1, t,):

143 14343
b _(Wz Wy ] [2.17}
1.2 T |

If length data are avzilable, mean length can:be used directly to estimate 3g

A simulaton study summarized in Appendix C indicates that estimates of ¢ obtained
from this regression are insensitive ¢ the growth pattern. and are likely to have a shght
downward bias of less than 10%.

The use of mean weight or ininal weight instead of weight at mean length in the
regression <an lead to grossly inaccurate esnmaltes of g.
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Testing the model

Lopan (1585} has compiled data on mortality in relation 10 mean length of juvenile striped
bass (Morone saxaiilis) 1n the Hudson River, from Saila &-Lorda (1977) and Dey (1981).
Predicuve linear regression was used 0 estimate the value of ¢ from this data set. Fig. 2.8
shows mortality as & function Of length, together with the fitted regression line of slope -1.68

(corresponding to ¢ =0.56).
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Fig. 28 Mortality rate at mean lepgth for sinped bass {(Morone saxanlisy mn the Hudson River. The slope of
the fitted regression lime 1s -1.68, correspooding o ¢=0.56, {Data from Saila & Lorde 1977 and Dey 1981,
compiled by Logan 1985}

Several 1extbooks of fish culture (Schaperclaus 1949, Huet 1973, Bohl 1982, Horvath
er al, .1984) provide figures for expected:losses’in the pond culture.of cyprinids of vanous
sizes, based on extensive expenence. Mean morntality rates and weight at mean length were
calculared from the loss and weight figures given in the textbooks. The values of o estimated
from these data using predictive linear regression are given in Tab. 2.5 The esumates of ¢
lie between 0.36 and 0.98. In Fig. 2.9, mean mortality in the pond culwre of common carp
is shown a5 a funcuen of weight at mean lengih.
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Fig. 2.9. Moralily rates in the pond culture of common carp. in relation to weight at mean length during the
growlh perod. The straight line indlcates a slope of -0 5 (p =0.5). Mortality rates have been calculzted fram
information on expected losses piven in (*) Bohl (1982), (W) Horvath e al {([1984). { +) Huet (1973). and {D)

Schiperclaus {1949}

Table 2.5 Esumates of the exponent g of the mortality-weight relatonship for stnped bass (Morone saxaiilis)
10 the Hudson River. and various carp species in pond culwure.

LI e T T T F T 111

0.01

Weight at rne.:arl length {ka)

T LR

0

Source of data

_Sp-&f:les Envirooment Q
Morone saxandes Hudson Hiver, US4 0.56 Logan 1985
C. carpio Fishpond, Eurgpe 0.36 Bohl 19E2
- : 044 Hua 1973
i ' 0.%6 Schiperclaus 1949
i ' 0.7% Hervath er af. 1984
< udela ) 0.8§2 Horvath er ai 1984
H. moliric ) .90 Horvath er af. 1984
A nobrls b 0.98 Horvath o 2. 1984
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Further exploration of the monriality model

To iltustrate the effects of size-dependent mortality, let us consider a cohort of fish, growing
according t0 a standard VBGF with parameters W, =1.0 kg and K=0.5 y'. A1 the
beginning., the cohort consists of 1000 fish. each weighting 0.05 kg. After two years, 500
fish have died. How did population numbers develop during these two years, given different
degrees of size-dependence 1n mortality? Fig. 2. 10 shows the development of the cohort for
values of the exponent g ranging from 0 to 0.75. As expected, the logarithm of numbers
over time follows a straight line if =0, 1.e. mortality s independent of size. The slope of
thhs line equals the constant mortalily rate, which is aiso the mean rate of mornality for any
value of g. If @ 15 preater than 0, mortality is lugher than the mean rate at the beginning of
the peniod when fish are small, and lower than the mean a1 the end of the period when fish
are large.
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Fig. 2. 14 Development of the l9ganthm of population oumbers over & two year penad, for a constant mean
mortality rate. and varying degrees of size-dependence. (®) o —0 {(<onstanl marality). (+) =025, (*}
o =105, and () p="0.75. Growth parameters: K=0.5y" W_ = 1.0 kg. lwtal wesght 0.05 kg.

If mortality 15 size-dependent. the individual growth rate of fish has a strong beanng
on the mortality suffered by the population. This is well illustrated in Fig. 2.11, which shows
the development of a cohort of imtially 1000 fish over a two-year penod. Mortality is size-
dependent with ¢ =05, and fish grow according to a VBGF with W, =1.0 kg. The growth
rate K varies between 0.25 and 1.0 y' The higher the growth raie. the more fish survive the
twa-year growth period. This 15 the basis of compeution-mediated density-dependence.
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Fig. 2.11. influence of ahe growth rale on morality, if mortality is SiZe-dependent (g =0.5). Development of
population numbers aver a two year period for (83 K=0.25. {+} K=0 5, {(*)}K=0.75. {O) K= L W_=1.0
kg, imimal weipht 0.05 Lg.

2.2.2 Density-Dependent Mortality

As pointed out in the beginning of this Chapter, it is distinguished here between two types
of density-dependent mortality. called "competition-mediated™ and “predation-mediated”
density-dependence.

Competition-mediated density-dependence

Competition-mediated density-dependent mortality is defined as the interaction of density-
dependent growth and size-dependent mortality. There is sirong empurical evidence for the
occurrence of both density-dependent growth and size-dependent mortality. and density-
dependent mornality of the competition-mediated type 15 inevilable 1f the two processes
operate.

Mathemalically, competition-mediated density-dependent mortality is descnibed by
linking the models for density-dependent growth and size-dependent mortality inte a single
population model, as is done m Chapter 4.
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Predotion-mediated densitv-dependence

Dengsity-dependent mortality of the predation-mediated type occurs when mortality-at-size
changes in response o population density. This requires a functional or numencal response
of the predator population, 1.e. a change in either its feeding activity or its abundance.

Evidence for density-dependent mortality of the predation-mediated type in juvenile
and aduit fish is rare. Where it is known o occur, it 15 often attributable o canmbalism
(Cook & Armstrong 1986, Wright 1990) As Ricker (1954) has noted, "of all the methods
of population regulation {...), cannibalism is the one in which abundance of the control agent
15 most closely and 1nseparably allied to that of the population controlled”.

Density-dependent mortzlity of the predation-mediated type can also result from
parasitism (Anderscn & May 1978, Dobson & May 1986), but field evidence 1s scarce
(Sinderman {986).

In theory, exueme competidon for food can lead 1o starvation, and conseguently
density-dependent mortality of the predauon-mediated type However. the unique growth
plasiicity of fish, their abiiity to lay down reserves of lipids and to survive long periods*of
starvation means that starvation-induced mortality rarely occurs {(Wootton 15903,

Density-dependent mortality of the predation-mediated type is well known from
populatons of young salmonids (Le Cren 1973, Elliott 1985). This mornality is related to
competition for space in territorial aninials, and is further examined in Section 2.2.3.

A common way of represenung density-dependent mortality mathematically 15 te
model the mortality rate as 2 linear function of the logarithm of density (Begon, Harper &
Towasend {986).

2.2.3 Seif-Thianing

As individuals within a cohort grow, their demand for resources increases and competition
becomes move severe, In some species, resource iimitation affects all individuals to a similar
degree and results in depressed growth, but has hitle effect on morality. In other species,
competition 15 asymmetric, 1.e. some individuals outcompete others which wil] finally die.
The latter mechanism 1s commoniy referred to as self-thinning (Harper 1977}, Under certain
conditions, it results in 2 very simple and predictable pattern of moruality in a growing
cohort.

Self-thinning was first observed in cohorts of planis sown at high density (Yoda er a/.
1963). If the mean weight of growing plants in the cohort is ploited against cohort density,
both on logarithmic scales, successive points tend to approach and then follow a line of slope
-3/2. This weight-density relationship is fairly eniversal 1n dense plant populations (although
the slope may vary slightly), and 1s referred to as the "self-thinning rule” or "Yoda's rule”
(Yoda er al. 1963, Harper 1977). Although the precise reason for the -3/2 slope 15 stll a
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matter of debate (White 1981, Lonsdale 19904, 1ts heuristic explanation is thai the biomass
of plants (dimensions 10 the power 3) is supported by a light intercepung canopy area
{(dimensions to the power 2).

Begon, Firbank & Wall (1986) have discussed the potential cocurtence of self-thinning
in animal populations. and concluded thar a general law 15 likely Lo exist for sessile animals.
They argue that if such a law existed for mobile animals. the weight-density relationship is
likely to follow 2 power of —4/3. The metabolic rate of individuzl ammals 15 often
proparuonal to their weight o the power 4/3 (Schmidi-Nielsen 1983). hence the metabolic
rate of the whole eghort should scale with the same power of mean individual weight. On
the other hand, the metabolic rate of the cohort 15 expected to be proportional to its food
consumption. If food is limited and 11s otal consumpiion remains constant, the animals can
only grow if their population density declines with their individual weight to the power of
-3/4, Dunng the self-thinning process. weight is then proportonal to density to the power
of ~4/3.

Elliott {1993) has shown that the self-thinning rule for mobile animals as proposed by
Begon, Firbank & Wall {1986} can be applied to popuiations of juvenile sea-trout {Salmo
frutta) in a Scottish stream.

Does self-thinning occur in carp populations?

Carp species predominate 1n the culture-based fisheries of South Asian reservoirs  Does self-
thinning occur in such carp populations?

The cccurrence of self-thinaing il common carp can be investigated using the resulls
of Walter's single cohort stocking experiments. [f self-thinning operates in cohaorts of carp,
weight at harvesting should scale with density at harvesting to the power -4/3,

The development of density and individual weight of cohorts in Waiter's experiments
is shown 1n Fig. 2.12. Each solid line corresponds to one experiment. Stocking density and
individual weight are indicated by filled squares, while the opposite end of the line indicates
I.Tiensity and weight at harvesting. Note the logarithmic scaies on both axes. The dashed line
indicates a slope of -1. Final weight at high density {(above 300 fish/ha) can be seen 10 scale
with deasity to the power of -1. There is no indication of a slope -4/3 relationship as
predicted by the seli-thinning rule.

The slopes of the lines describing individual experiments indicate the mortality
suffered by that particular cohort Vertical lines ndicate no change n density. 1.&. no
mortzlity. The more inchned a Line is o the left, the higher the mortality dunng the growth
period. The highest mortalities occur in the bottom nght hand comer of the diagram, in the
dense, slow growing cohorts. Obviously, density has some bearing on mortality. through
either competition- or predation-mediated density-dependent mortality. However, density-
dependent mortality is not adequately described by the self-thinning rule of Begon, Firbank
& wall (1986).
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2.2.4 Discussion
Mortality-size re&ufansh['ip

Peterson & Wroblewski (1984) have shown that the mortality rates of many pelagic
organisms, from invertebrates 1o whales, seale with the mean weight of the organisms during
their lifetime to the power of -0 25. The existence of a relaionship between the mean weight
of organisms dunng their lifetime, and their mortality rate is not surpnsing The intnnSic rate
of natural increase of all organisms from bacteria to whales is closely related © their mean
body mass (Fenchel 1974}, and a similar relatfﬂnship must exist for mortality, if populations
are O persist as they apparently do. Fenchel {1974) found that the intnasic rate of wncrease

scales with body mass to the power of -0.275.
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Here, however, the question is how the mortality rate of orgamisms within a single
populaiion changes with their size during cntogenic development. McGurk {1986) has
addressed this question in the context of the early hfe stages of manne fish He has shown
that fish eggs and larvae tend o have a lugher mortality rate than predicted from their
wetght, and suggesied that this can be explammed by thewr highly aggregated (paichy}
distribution. The early life stages of fish are of littie interest to culture-based fisheries. The
question remains. however, whether there exists a genuine retancnship between size and
mortality during the gniogenic development of a fish from fingerling to adull stage.

McGurk (1986, 1987) noted that within taxa, the exponent of the weight-mortahity
relationship can differ sgnificantly from the -0 25 descnbing the refationship in the
ecosystem (Peterson & Wroblewski 1984}, McGurk (1987} compared mortality and weight
between a number of marne fish populations, and estimated an exponent of -0.4 using
functional regression, while Gulland (1987) obtained an "eye fit" estimate of -0.5 from the
same data set,

In this study, it was attempted to establish a relationship between mortality and size
within populations. Morality of juvenile siriped bass in the Hudson River is well desenbed
by the proposed model, with an expornent p of 0.56. The model also provides a good
description of the mortality-size relationship in European carp pond culture, wath the
exponent ¢ varywng between 0.36 and 0.98.

The mortality-size relationship in a pond fish population appears to be strikingly
sirmilar to that of fish in rivers or in the oceans. This is surpnsing because the sources of
moriality in these ecosystems must be quite different. Predation is hikely to play a major role
in natural environments, but can be virtually ruled out in a fishpond. Morality-size
relationships within ﬁupulatinns deserve further atiention, for the sake of basic ecology as
well as fisheries managemeni.

The mortality-size relationship 15 of crucial imponance in culture-based fisheries,
because it periains directly to the optimal size of seed fish, and to the stocking density.
Often, no specific information will be available on the monality-size relatonship in a
particular fishery. The analysis conducted here indicates that assuming @ =0.5 will often be
a good mitial guess, as was suggested by Gulland (1987).

Methods for the estimation of parameters of the monality-size relationship need o be
deveioped furither. The method used here has been shown to zive reasonable estimates of
in simulations (Appendix C). However, it needs to be examined further and can almost
certainly be improved
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Densiry-dependent moralily

it was proposed to distinguish between two types of density-dependent mortality. referred to
as "competinon-mediated” and "predation-medwsted” density-dependence.

Competitton-mediated density-dependent mortality occurs as a conseguence of density-
dependent growth and size-dependent mortality. This type of density-dependent mortality is
the basis of siwock-recruitment models proposed by Ricker & Foerstar (1948) and Shepherd
& Cushing (1980), and has been reviewed by Anderson (1988). There is solid evidence for
density-dependent growth and size-dependent mortality in wild populations. as well as in
pond culture. The combination of both processes inevitably leads to density-dependent
mortalily of the competihon-medialed type, which {s therefore cenain to occur in natural
populations as well as 1n culture-based fishenes.

Predation-mediated density-dependent mortality, i.e. a response wn mornality-at-size
to population density, is less well supported by empincal evidence. This may be partly due
to the inherent difficulties of detecting density-dependence (Hassell e a/. 1989, Solow &
Steele 1990}, If density-dependence of this type occurs, it 15 Likely Lo involve a substaniial
time-lag in the order of the predator’s generation time. Hence in the management of cuiture-
based fisheries, it will be sufficient to adjust the natural mortality rate 10 successive
producucon periods, while mortality dunng the penod can be regarded as constant. [n small
water bodies, a numerical response of predator abundance to prey density can zlso be
mitigated by selective fishing for predators using traps, longlines ete. {Bhukaswan 1983).

Sumnung up, density-dependent mortality of the competition-mediated type must be
taken 1nt0 account in the management of a culture-based fishery, and this is done
automatically if density-dependent growth and size-dependent mortality are considered
together. Predation-mediated density-dependent mortality is of lesser interest in short-term
managemenl, and does not need 1o be inciuded in population modeis for small reservoir

fisheries.

Self-thinning

There 15 no indication of saif-thinning 1n cohbris of common carp. This does not rule out
self-thinning in other carp species. bul its occurrence 15 unhikely.

The juvenile sea-trout that exhibited self-thinnung in Elliott’s {1993} study are
termitonal. Larger individuals are likely to be able to claim larger termitories, thereby
introducing an element of asymmetry into competition. Carp are not terntonal, and there is
no indication of asymmerne ¢ompetition within a cohort.
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Sizé-dependence or density-dependence?

Size and densily effects on mortality are often confounded 1n expenmental and field data
from individual populations. due to the action of demsily-dependent growth. This 15 well
illustrated by Walter's expenments, as shown in Fig. 2.12. Cohorts stocked at igh density
suffer 2 higher mortality rate, but it is impossible to conclude whether this 15 due 10
predation-mediated or due to competiton-medialed densily-dependence in mortality.

For practical purposes. it may be best to consider only density-dependent growlh and
size-dependent mortality (i.e. competiion-mediaied density-dependent mortahity). unless there
t§ strong evidence of predation-mediated density-dependent mortality



Chaprer three

Some Economic Considerations with Respect to Stocking
and Harvesting

The viability of small reservowr fisheneas 15 ultimately determined by economic and socio-
economic factors, which are largely beyond the scope of this study. This chapter briefly
examines only those economic aspects that pertain directly to the optumal stocking and
harvesung of a fishery.

Small reservoirs or the fishing nghts therein are often communal propenty of viilages
oI ¢ooperative societies. Hence the production process in small reservoir fisheries ligs in the
hands of a2 single production umt {village, cooperative), which forms the basis of thig
economic analysis

3.1 ECONOMIC OBJECTIVES IN SMALL RESERVOIR FISHERIES

A production unit may adopt vanous objectives in runaing a small reservoir fishery. Only
two, conceptionally simple abjectives are considered here:

(1) Maximization of biological production, or

{2) Maxirmzation of profit.
Maximizanen of biological production may be adopted if maximum food production is given
priority over the economics of the production unit. Such may be the case in government
awned or subsidized units. Maximization of profit can be expected of private sector units in
a free market environment, uniess production 15 manly for subsistence.

Biological production 15 completely within the realm of biology, while profit requires
consideration of costs and prices, which are examined below.

3.2 REVENUE, COSTS, AND PROFIT

The total profit (TP) received is the difference between total revenue (TR) from the sale of
fish and the total costs (TC) involved in producing ithem:
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TP=TR-TC {3.1}

Total revenue 15 determined by the total volume, and the individual size of the fish produced.

Costs can be divided into fixed costs and variable costs. Fixed costs are independent
of the production level, and usually compnise interest on capital. purchase or lease of land,
capital depreciauon and some operation costs. Vanable costs are dependent on the production
level, and include the costs of seed fish, and some operating cosls.

Most small reservoirs are mantained prnmanly for purposes other than fish
production. hence fixed costs in small reservoir fisheries tend to be exclusively operating
costs. Operating costs in wm are pnmarnily fabour cosis due to the extensive nature of small
reservoir fish production. For simplicity, all labour costs are regarded as fixed n this study.
The pnncipal variable costs are those of the seed material, which are dependent on the
guantity and size of the seed fish.

Only the total revenue and the varable costs are of interest in the optimization of
stocking and harvesting for a given fishery. Fixed costs merely reduce the profit by a
constant amount. They may be crucial o the viability of the fishery, but have no bearing on
the opuimal stocking and harvesting.

Sales revenue is often dependent on the individual size of the fish produced, and seed
costs always increase with the size of fingertings. A brief empirical examination of these
relationships is presented in Sections (3 2.1) and (3.2 2).

3.2.1 Price-Size Relationship for Produce

Fish produced in the Calcutta bheris owned by the West Bengal State Fisheries Development
Corporaton (WBSFDC) are sold at the mumeipal market, for prices fixed monthly by the
Corporation. The produce is graded by individual weight, and different prices per unit weight
apply 1o different weight calegones. The Cerporation’s selling prices for November 1992 are
used here as an example of producer’'s price-size relationships.

The producer’s price per kg for various species is plotied against the median weight
of the size category in Fig. 3.1. Indian major carp generally fetch the highest prices,
followed by grass carp, commen carp, and silver carp. The relationship between price per
unit weight and individual weight 1s different for each species or species group. but it can
usually be approximated by a straight line.

For the length-based model o be developed in Chapter 4, 1t is necessary o expfcss
the price per piece of fish as a function of 1ts length. Price per piece is calculated from price
per unit weight. and the cubic root of median weight is used as a substitute for length. Fig.
3.2 shows price per piece plotted against the cubic root of median weight (times 2 scaling
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Fig. 3.1. Price per unit weight as a function of individual weight, for vanous eyprinids produced in the bhens
of the Wesl Bengal Staie Fisheries Development Corporation. (®) Indian major camp, (*} grass carp, (0}
cammon car, and § ) silver carp.
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Fig. 3 2. Price per piece as a function of length, for the produce of the West Bengal State Fisheries
Development Carporation. {®) Indian major carp, (*) grass carp, (0) commun carp, and (+ ) silver carp. The
darted ling indicates 2 slape of 4

factor), on loganthmic scales. Price per piece can be descnibed by a power function of
length:

p=p, L™ (3.2)

Here, p_ is the producer’s price of a fish of length L. py is a scaling factor. and p, is the
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exponent of the pnece-length reiationship. As indwcated mn Fig. 3.2, the prnice-length
relationships for produce of the WBSFDC are well described by an exponent p, of 4

3.2.2 Cosi-Size Relationship for Seed Fish

Daia on the cost of seed fish in relabon to size are available from various sources. The
WBSFDC has fixed selling rates for seed fish of different iength categones. Simiilar data for
Yasothon Proviace in Nertheast Thailand are given in Ancn. {1992). Bohl (1982) gives the
cost of pre-nursed, and one summer old common carp-1n Germany.

Cost per fingerhing has been calculated from this information, for individual species
or mixed fingerlings of Indian major carp. Fig. 3.3 shows the natural logarithm of cost per
fingerling as a function of length. Costs are in three different currencies, so the absolute
costs are not comparable. For each single species and market, the logarithm of cost per
fingerling is approximately proportional to length. Hence cost increases exponentially with
length, and can be‘described by a function of the form

c,=c, € F (3.3)

where ¢; is the cost of a fingerling of length L, ¢, is a scaling factor, and ¢, is a factor in
the exponent of the cost-length relationship.

Ln {Cost per piece)

2 4 6 8 to 12 14

Length {cm)
Fig. 3.3. Logarithm of the cost (various currencies) per piece of weed fish as o function of length. (@} indian
major carp, {+) silver carp, () grass carp and (0) common carp saed selling prices of the West Bungal State

Fisheries Development Comoration in 1992 (=] Indian Major carp 1in Mortheswr Thatland £« ) Common camp
w Germany. The doited line indicates a slope of 0.25.
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The slopes of the relationships between the logarithm of cost and length are equal to
the factor ¢,. These siopes are fairly similar in all the data examined (Fig. 3.3), with ¢
varying between 0.21 and 0.32 ¢cm™ (average 0.26 ¢cm’). The dashed hine in Fig. 3.3 denotes
a slope of 0.25 em* for reference.

3.3 DISCUSSION
Property rights and the production unit

Small reservoir fisheries-are here regarded as communal property resources, i.e. they are
"held by an identifiable community of users, who can exclude others and regulate use”
(Berkes er al. 1989).If the community of users regulates both stocking and harvesting of the
fishery, it constitutes a production unit in the economic sense.

Culture based fisheries in larger reservoirs are usually common property resources.
Stockung is carried out by the government, and access Lo the fishery is often unrestricled,
although a nominal licensing system may be in operation  Such culture-based fisheries cannot
be regarded as 2 single production unit. They are more complex. and may be subject to
typical common property problems hike rent dissipation and biological over-exploitation
(Hardin 1968, Berkes et af. 1989).

Economic objeciives of the production unit

Economic objectives of small reservoir production units are not always, stated explicitly. In
Chapter 4, it will be shown that the stocking and harvesting regime that maximizes biological
production is often different from the regime that maximizes profit. Hence 1t is important to
¢larify the objectives of the production unit, 1in order to aptimize management.

In reality. economic objectives are likely to be more complex than simply the
maximization of production or profit However, the study of optimal management with
respect 10 these simple objectives can provide a basis for management aimed at attzining
more complex objectives.

Revenure and costy

The price-size relationship for produce established here 15 by no means universal. An
Ingrease in price per unit weight with increasing weight is to be expected if the marketing
and distribution System 15 well developed, and large fish can reach customers of the
appropriate buying capacity. This 15 the ¢ase in the Calcutta bheris, where produce is taken
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to the municipal market. Small reservoir fishenies in rural areas may not have acoess 1o well-
developad markets, and the pnce per unit weight may be essentially constant Indeed, 1t may
be difficult o sefl large produce if consumers are of low buying capacity, and prefer to buy
whole fish.

Labour costs are usually regarded as partly fixed and partly vanable (Conningham er
ai. 1985). Here. all labour costs are taken 1o be fixed for simplicity,

The costs of seed fish always increase with size, reflecting production costs. A brief
analysis of the available dala indicates that costs often increase exponentially with lenglh. The
factor ¢, in the exponent lies within 2 narrow range for all datz sets examined.

The price-size refationships established here serve as examples. and wiil be used as
such 10 Chapter 4. The functional form of these relationships has no further relevance. In
practical management, the price-size relanonships must be established in each particular case.
General models are neither possible, nor are they necessary, given that actual price-size
information can easily be acquired.
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Chaprer four

Dynamics of Culture-Based Reservoir Fisheries: a Length-
Structured Model

In Chapters 2 and 3, the key biclogical processes and some econpmic considerations relevant
0 culture-based small reservoir fisheries have been denufied. In this Chapter, the models
for individual processes are linked together in a general, analytical model for culture-based
fishenes. The model is then used to explore various management options for such fishenes,
and 1o derive some manageément guidelines.

4.1 THE GENERAL MODEL

A length-structured, discrete time, projechion matrix model for culture-based fisheries is
developed here. The maodel is based on explicit sub-models for density-dependent growth and
size-dependent mortality, and it can accommodate any slocking and harvesting policy. Hence
the model is suitable for a general exploration of management policies in culture-based
fisheries.

4.1.1 Population and Catch Equations

The fish population is divided into m length classes of equal width dL, with lower Jength
bounds L. for i=1,....m. The population at time t is then represented as a vector n, of
numbers 1n the iength classes. The mid-length of class i is denoted L. and W, s the weight
at L.

The population eguation

The population a,, 4 at time t+dt 15 projected from n, using the matnx equation
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Do gpe=Gp Sy olngrugd fd4.1})

Here G, is the growth projection matrix describing the transition of fish between length
classes during the time interval dt. and S, 15 the (diagonal) survival mainx describing the
survival of fish n the individual length classes during dt. The vector u, eives the numbers

of fish stocked at time t.
The actual structure of the above model is easier to comprehend if expressed in matrix

noLaLon:
Mege| 911 $21 0 G| [F1: C . O hep |Yae
aesde| |F2 T2z Foo “ 0 sy, 0 Hae| |Mar)t,
- - - x - - - =
[Tpeecte] [Fia F2a © Fon] [0 O - Somf {2e) [Hn:

The carch egquation

The catch taken from_the population during the time period from t to t+dt is given by
¢, =G, H, {n,+u.} {4.2}
where ¢ is the catch at length vector, and H, i$ the harvesting matrix. The size distribution

of the caich corresponds 10 nme 1+dt, i.2. the caich is effectively taken at the end of the
period.

4.1.2 Construction of the Matrices

All the three matrices G, S, and H, may vary over time, G, because of density-dependence
i growth, and S and H, because of vartation in the fishing mortality rate and gear
selectivity The matnices are constructed as follows.

The growth profection matrix

The growth projection matrix was introduced by Shepherd (1987), who.also. devised the
following algorithm for its ¢construction,

In the model developed here, growth 15 described by the density-dependent VBGF
ntreduced in Chapter 2. If the time interval dt is sufficrently short, biomass can be regarded
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as constant duning the interval. Growth during:the interval then follows a standard VRGF
with constant a Loz given by

L=L,-d B (4.3)

where B, is the biomass at ume t

B.=Y n;, W (4.4)

The basic 1dea behind the projection matrix is that at time t+dt, the length nterval
[L.. L,,;] contans the surviving individuals that al ime 1 were within the imerval [L, L, ],
defined by the back-calculated lengths of the current bounds. The back-calculated length L,
of bound L, 15 given by:

(4.5)

This is the Ford-Walford equation {Ricker 1975) solved for the length at the beginning of the
growth period.

Once the former bounds of the length classes have been calculated, the elefents g,
of the growth projection matnx are determined using the following algorithm:

ifL; < L'y < L, then By = {L,., - L' )/dL
if L, < L, < L, them g; = (L', - L)AL
ifL', < Land L ,, < L%, then g, = 1.0

if L%y, < L, then g; = 0

ifL, > L., then g; = 0

and, if the highest length class is a plus graup,
if:L', < L, then g,, = 1.0

The element g, of the prajection matrix 13 simpty the proportion of the initial length
class ] that contributes to the final class i.

Mast elements of the projection matnx are zer0, and the non-zero elements are
situated 1n & narrow band near, but not parallel 1o the main diagonal. This band crosses the
main diagonal at the length ¢class containing L. Length classes above L, are projected 1o
lower lengths, 1e. individuals shrink. In a culture-based fishery with density-dependent
growth, L.y may assume low values at high biomass densities, and may well be below the
highest length class in the model.
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The survival matrix

The survival matnx 515 a duagonal matnx, 1.e. 4l its elements are zero, except for those on
the main diagonal. The element §; on the main diagonal equals the proportion ot individuals
present in length class j at time t that survives to time t+dt. The survival s, is a function of
the natural mortaiity rate M,, the fishing montality rate F, and the gear selectivity v,. Natural
mortality in length class j is given by Equation (2.14), applied to the mid-fength L™

L -1g

_ H 4.6

MI_MI[L] (4.6)
F4

where M, 15 the mortality rate at reference length L.
The survival rate s; of fish in length class j is then given Dy:

_ - (M Frgh dE 4.7
8y, € { 1

The harvésting matrix

The harvesting matrix H 1s diagonal, like the survival matnx. Its element h, on the main
diagonal is the proportion of fish 1o length class j that is harvested during the time interval
[t. t4dt]). Using the parameters defined above, the elements on the main diagonal of the
harvesting matrix are given by

n Fv

= l _el'{HJ"‘F'r’:j d 4 ) B
~ —-*—M1+ Hj[ 9 {4.8)

4.2 SIMULATION OF CULTURE-BASED RESERVOIR FISHERIES

[n Sections 4.3, and 4.4, the general population model developed above is used for
simulations. to explore the dynamics of culture-based reservoir fishenes. This section
explains how stacking is simulated, and how the aggregated variables (mean weight,
production, profit) are calculated. The standard parameter values used in the sitnulation are
defined and explained.
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1.2.1 Stoching

The lepgth of seed fish stocked in the smulations 15 assumed 10 be normally distributed wath
a siandard dewvialion of 1 cm. By default, the mean length of seed fish 15 5 ¢m, but
sometimes 3, 7 or 9 ¢m are assumed to explore the effects of seed size or production.

The propariion ¢f seed fish that falls int0 2 certain length class is given by the
cumulalive normal distnbution with | ¢m standard deviation. For a mean length of 5 cm,
34 13% of the seed fish fall into each length classes 5 and 6. 13 59% into each length classes
4 and 7, and 2.28% im0 cach ciasses 3 and 8. For other mean lengths, the whole distribution

is shifled accordingly.

4.2.2 Aggregated Variables

Mean weight in the caich, total produchon, and profit are aggregated vaniables, 1.e. they
summarize the results of the length-structured model simutations The agpregated variables

are calculated as follows:

Mean weight in the catch

The mean weight WC” of fish in the catch during ume step t equals the biomass harvested,
divided by the number harvested:

=
Cie Wy
WOl =28 {4.9)

Cic
I+l

The mean weight of the catch over several time sleps is calculated in the same way, as the
total biomass harvested divided by the total harvested



Production

The production Pr during a period [t,, t;] equals the total biemass harvested, minus the wtal
biomass stocked during the period:

£
= - YR 4.10
P:Ip:: CZC IZ]_ {HIE ['"!.' ":};J { ]
=L, I~

Profit

Profit always refers to gross profit GP, which 1s defined here as the total revenue minus the
cost of seed fish. All other costs are neglected. Gross profit during the time interval [t 1]

Is given by:

z.
GP:,.::Z i (f;, Py-Uy, C.) (4.11}
£el, el
Where p, and ¢; are the producar's price and ¢ost of an individual fish in ¢lass 1.

Profit 15 calculated for two different price structufes: constant price per unit weight,
and size-dependent prices. For constant price per unil weight, p; equals W, times the price
per unit weight. For size-dependent prices, p, is calculated from Equation {3.2). The cost of
seed fish ¢, is always calculated from Equation (3.3)

4.2.3 Standard Parametér Values

A set of standard parameter values for the simulations is defined in Table 4 1, and expizined

below.
Fish are assumed to grow isometncally, i.e. in the weight-iength relationship,

Wea LP (4.12)

the exponent b equals 3.0. The coefficient a has been chosen so that & fish of 20 cm lengih
weights 0.2 kg. i

The limiting infinite length Of the density-dependent ¥BGFE L. is 100 ¢m, and the
length-based compettion coefficient d 18 0.5 em x ha { kg. Hence L, equals 50 ¢m at a
biomass density of 100 kg/ha. and L..g 1S zer0 at a biomass density of 200 kp/ha.
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Both constant (size-independent) and size-dependent mortality are considered in the
stmulations Constant annual mortality rates are integers from zero o three. By default,
mortality 15 assumed to be size-dependent with an exponent ¢ of 0.5 (Equation 4 6). The
values of mortality at reference length (M) have been standardized so that the riean size
dependent mortality rates in a cohort stocked at 1000 fish/ha, during 2 6 months growth
period, are equal the corresponding constant rates. For example, a size-dependent morahity
rate of 1.292 per year at reference length L, = 20 cm means that 223 out of 1000 fish
survive a half year growth period. This corresponds to a constant mortality rate of 3.0 per
year. The effects of a hgher degree of size-dependence are also explored, using g =+ .0"and
M,=0.36] y'. corresponding to a constant M=3.0 y? at a stocking deasity of 1000 fish/ha.

Table 4.1: Paramelar values used in the simulations. Default values are prinied in bold.

i’ Papameter Value(s) ‘l
Weight-length relanonshap

a 25% 10 kg /e’

b 3.0 \
| Density-dependent VBGF ]
I L., 100 com

K 0.5y

d 0.15, 0.5, 0.4 cm x ba kg

Constant mortality 0.0, 1.0, 2.0, 3.0 ¥ |

M

Size-dependeal mortalicy

e 0.5 {1.0)

L, 2 cm |

M. 0.0, 0.406, 0.840. 1.292 {0.351) y'

Cost-length relationship
& 0.02865 cu
c, 0.25¢m!
Constant price per kg 10 cu kgl
| Pnce-length relationship
o 25 x 107 cu
P 4.0

For the economics sub-model, parameters have been chosen so that they correspond to the
selling rates of the West Benpal State Fishenies Development Cerporabion. Costs and prices

are expressed in arbitrary currency umts (cu).
The factor ¢, in the exponent of the cost-length relationship is set to 0.25 cm', in
accordance with the empirica! relationship found in Chapter 3. The parameter p, 18 set so that

a % ¢m long seed fish costs 0.1 cu.
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The price of produce 15 usually assumed to be constant at 10 cu/kg. When size-
dependent prices are considered, p, is sel to 4 in accordance with the empirical refanonship
found in Chapter 3, and py 15 set 5o that the price of a 20 cm long fish 15 2 cu. Such & fish
weighs 0.2 kg, and consequently the price per kg for fish of this size is 10 cu.

4.2.4 Length of Time Steps

Care has 1o be taken in selectng the length of time steps in the simulations. Bibmass density
15 assumed to be constant during the time step, and egual to the value at the beginning of the
step. Hence the density-dependent srowth rate 15 also constant and equal to that at the
beginning of the step If biomass density changes rapidly due to fast growth or heavy
mortality {2.g. 1n a single cohort), long bme steps lead 10 a misrepresentation of growth. If
the biomass dynamics is slow (e.g. ir populanons consisting of several cohorts}, relatively
long time $teps can be chosen. I
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The most appropriate length of time steps can be found empirically, by observing the
effect of different ime steps on model predictions. Such an example 15 given in Fig. 4.1, for
the parameter values defined 1n Section (4.2 3), and time steps of 1 month, 1 week, .5
weeks and 0.25 weeks, In Figs. 4.1. (A) and (B}, the predicted final weights of fish after a
six momnths growih period are shown as a function of stocking density, for no mortality (A),
and size-dependent mortality (M, =1.292 y', @ =0 5) (B). Also shown is the total production
during the growth period, for no mortality (Fig. +.! C), and size-dependent mortzlity (Fig.
4.1.D). The predictions obtained for time steps of 1, 0.5 and 0.25 weeks are penerally very
glose or 1dentical. Predictions based en time steps of ane month differ widely from those
obtained using 1 week or shorter steps. Time steps of one week zre used in all subsequent
simulations.

1.3 DYNAMICS OF A SEASONAL RESERVOIR FISHERY

In a seasonal reservoir fishery, the prowth penaed is limited by the physical environment. In
tropical smail ‘yeservoirs, this period usually starts with the monsoon, and ends when the
reservoir is empled or dries out during the dry season.

Three stocking and harvesting options are available for seasonal small reservoir
fisheries. The mosi common 1s to stock the reservolr once at the beginning of the growth
peried, and 1o harvest it completely at the end. A more claborate method sometimes practised
15 staggered harvesbing, thereby “thinning" the population dunng the growth penod, and
increasing the growth rate of the remaining individuals. Finally, muitiple stocking may be
practised. All three management options are considered separately below.

Unless stated otherwise, all simulations i this secton are done for 2 six month
growth period, using the standard parameter values defined in Section 4.2 (Tab. 4.1).

4.3.I'5ingie Stocking and Single Harvesting: upnmal Density and Size of Seed Fish

Single stocking and complete harvesgng b one instant 15 the simplest regime 1o be
consilered. Management decisions are limited to two variables: stocking* ensity, and size
of seed fish.

At first, stocking density in the absence of monality 15 considered. Then, the
influence of constant and size-dependent moitality on production and pmﬁt, and their
iraplications for the optimal stocking density are investigated Finally, the question of the
optimal size of seed fish is addressed.



No mortality

The assumption of no mortality provides a good starting point to explore the consequences

of density-dependent growth for production.
The length structure of the model population 15 illustrated in Fig. 4.2, which shows

monthly length frequency distributions of a cohort stocked at a density 2500 fish/ha The
length distnbution at month 1 1s that of the stocked fingerlings. subsequent distributions are
projected by the model. Growth is rapid at first, but soon slows down due to intense
competinon Growth virtually ceases after four maonths, so that the last two months contribuie

little to producton.

20
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Fig. 4.2. Length frequency distributions of a growing cobori, i moothly intervals during 2 six month growth
Penod. Stocking densicy 2900 fish per heetare. Standard parameter valuss No mortaliny

The effects of stocking density on growth, production and profit are explored using
aggregated vanables (Fig. 4.3): average weigh of produce, production, and profit

The average weights of fish at the end of the six month growth period are shown in
Fig. 4.3 (A). Final weight decreases rapidly with inerezsing stocking density.

Yield (biomass harvested). biomass stocked and production are shown in Fig. 4.3 {B).
Yield ncreases sharply with increasing density at first, but changes very litle at high
densites. Asymptotically, yield approaches 200 kg/ha, the biomass density ar which L_j is
zero. The biomass stocked 15 a linear function of stocking density, and production 1s simply
the difference between biomass harvested and biomass stocked. Consequently, production
increases with stocking density as long as the slope of the yield curve is higher than that of
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the stocked biomass curve. Maximum production 15 reached where the siopes of the two
curves are equal, in this case at a density of about 2900 fish/ha.

The sales revenue'at constant prices per unit weight, the cost of seed fish, and gross
profit are shown 1n Fig. 4.3 (C). Revenue equals yield multiplied by the constant pnce per
unit weight, hence the revenue curve has the same shape as the yield curve. The tolal costs
of seed fish increase linearly with stocking density. Profit is the monetary equivalent of
biological production. Maximum profit occurs where the slopes of the revenue and cost
curves are equal. The cost per unit weight of seed fish s much higher than the revenue per
unit weight of produce. Hence the slope of the cost curve 15 comparatively gh, and
maximum profit 1s reached at a stocking density lower than for maximum production For
constant prices, maximum profit 15 reached at a density of 1900 fish/ha

Revenue, cost and proft for size-dependent prices are shown i Fig. 4.3 (D). The
average weight of produce declines with increasing stocking density, and so does the revenue
obtained per unit weight Hence the revenue curve reaches a maximum at a rejatively low
stocking density. Consequentty, maximum profit is also reached at a low stocking density of
only 900 fish/ha (where the slope of the revenue curve equals that of the cost curve}

The above optima of stocking density with respect o various objectives have been
derived without considering the fact that there 15 often a minimum marketable size for
produce. If stocking density 1s optimized for production, or profit al constant price per unit
weight, the average welght of produce 15 well below 0.1 kg. Although small fish are readily
accepted on many markets 10 South Asia, there 1s nevertheless a lower size himit, If this Iimit
15 at 0.1 kg, for example, stocking density must not excesd 1600 fish/ha (Fig. 4.3 A).
Production, and profit at constant prices, are still increasing beyond this density, but 1600
fish/hz 15 the optimal 'stockjng density given the constraint of a lower limit size. If prices are
size-dependent, it is advantagegus to produce fish bigger than the lower limit size of 0.1 kg.

If the Tower ltmit is 0.15 kg, the maximum stocking density is 800 fish/ha (Fig. 4.3
A). This is also the optimal density by any cnterium, given the constraint of a (.15 kg
minimum size.

Constant and size-dependent mortality

The impheations of constant and size-dependent mortality for stocking and harvesting ‘are
now examined.

The relative survival of the stocked fish to the end of the growth period is shown in
Fig. 4.4, for constant and size-dependent mortality. If mortality is constant. 1 e. independent
of size, survival is the same for all stocling densities. Jf mortality is size-dependent, survival
decreases with increasing stocking density, because fish remain smaller, and consequently
are subject o higher mortality. The result is competition-mediated density-dependent
mortality as defined Chapter 2. As mentioned 1n Section 4.2, the size-dependent mortality
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rates have been standardized so that at 2 stocking density of 1000 fish/ha (5 cm mean length),
the mean size-dependent monality equals a predefined constant monality rzte. Hence the
survival curves for size-dependent mortality in Fig. 4.4 cross the corresponding constant
mortality lines at a stocking density of 1000 fish/ha.

Weight, production and profit are shown in Fig. 4.5 for various levels of constant and
size-dependent mortality. Zero mortality does, of course, 12ad to the same pattemn in both
cases, and can be used as a reference when comparing the graphs.

Final weight (Fig. 4.5 A and B) follows the famuliar pattem of decline with increasing
density. at all mornality rates Final weight always increases with increasing morality,
because monality eases competition between the survivors and increases their growth rate
This effect 1s more marked under size-dependent than under constant mortality. Under size-
dependent mortality, the bulk of losses ocCurs at a small size, early in the growlh period.
Hence the survivors have time to compensate the loss of biomass by increased individual
growth.

Production (Fig. 4.5 C and D} always decreases with increasing mortality. The loss
in numbers is not fully compensated by increased individual growth. The stocking density
at which maximum production 15 achieved 1ncreases with monality, bur increased stocking
densitly can not compensate for the production losses due to mortality. Production is the
difference between stocked and harvested biomass. and an increase in stocking density is
always an increase in stocked biomass. However, density-dependent growth provides some
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compensation for monality, so that the loss of production is always relatively less than the
Ipss 10 numbers.

Production under size-dependent mortality (Fig.4.5 ) is shghtly higher than under
the corresponding constant mortality, due to the growth gompensation described above. At
a stocking density of 1000 fish/ha, 223 fish/ha survive at an average montality rate of 3.0 y*.
If mortality is constant, the fish attain an average weight of 0.270 kg. and the biomass
harvested is 60 kg/ha. If mortality 1s size-dependent. the average weight is 0.303 kg and
consequently the biomass harvested is 65 kg/ha. At this panticular stocking density, survival
under both morniality regimes 15 equal, and the difference in yield simply reflects the
difference in growth. At hugher densites, survival is lower under size-dependent monrtality
than under constant mortality. However, production under size-dependent monality stil]
exceads slightly that under constant mortality. The decrease in survival with increasing
density 15 more than gompensated by growth.

Profits (Fig. 4.5 E, F, G and H), like production, decrzase with increasing monrtality.
For a given level of montality, maximum profit at constant prices is reached at a density
below that of maximum production, and maximum prefit at size-dependent prices is reached
at snl! lower density. This can be taken as a general rule, which is valid as long as the cost
per umt weight of stocking matenial 1s hugher that the revenue per unit weight of produce.

[f there 15 2 minimum marketable size for produce, this size may be reached at a
stocking density below the optirnal densities with respect to profit or production. In this case,
stocking densities are chosen so as to produce fish.that average at the minimum marketable
size. In Fig. 4.3, solid Lines indicate the stocking densities at which a weight of 0.15 kg 15
reached. If0.15 kg is the minimum marketable size, stocking densiiies above those indicated
by the line must be avoided.

Size af seed fish

Up to now, no consideration has been given fo the optimal size of seed fish. If a range of
sizes of seed fish is avalable, which size should be used for stocking?

Both density-dependent growth and size-dependent mortality have an influence on the
optimal size of seed fish. In order t0 disentangle the two, resuits are presented in Fig. 4.6
both for no mortality, and for high size-dependent mortality (¢=0.5, M, =1.292).

In the absence of mortality, the implications of density-dependent growth alone for
the optimal size of seed fish are demonstraled. The average weight of produce. production
and profit at no mortality are shown in Fig. 4.6 (A, C, E, and G), for mean lengths of seed
fish ranging from 3 ¢cm 10 9 cm.

Weight at harvesting is shown in Fig. 4.6 (A). At low stocking density, larger seed
fish give rise 10 farger produce. However, the difference in size diminishes with increasing
stocking density. Above 1500 fish/ha, the final weights are virtually identical, independent
of the size of seed fish.
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Production (Fig. 4.6 C) reflects the influence of seed fish size on growth. At jow
density, there is 3 siight advantage in stocking large fingerlings of 9 cm length. The optimat
s1ize then decreases with increasing density: consecutively 7 ¢m, 3 ¢m, and finaily 3 ¢m 15
the optimal length. The difference in production between the various seed fish sizes is
greatest at very high stocking density. The final weight, and hence yield, obtained at high
density is independent of the size of seed fish. The differences in production are solely dus
o the difference in biomass stocked [f large fingerlings are stocked, the initial biomass is
already high, and production is accordingly low. The highest overall production is achieved
by stocking small fingerlings at a high density.

Profit at constant pnces per unit weight of produce (Fig. 4.6 E) behaves in very much
the same way as production, but maximum profit is reached at lower stocking densities than
maximum production. If pn;:es are size-dependent (Fig. 4.6 G), the picture changes in both
guantitative and qualitative terms. it becomes more advantageous 1o stock large fingerlings
at a Jow density. and this effect is s¢ pronounced that the overal]l profil maximum is achieved
by stocking 9 cm long fingerlings at a density of 500 fish/ha. However. it 15 possible to
achieve almost the same profit by stocking smaller fingerlings at a higher density.

When stocking large fingerlings, optimal production or profit are achieved over &
relatively narrow range of stocking densities. Small seed fish yield good results over a wider
range of stocking densities, because the biomass stocked and the cost of seed fish are
relatively low, even at high densities. 1

“These results are affected by momality. Constant mortality results i a general
decrease of yield and profit, but does not affect the relative performance of the vanous seed
sizes.

Size-dependent moraiity yields gualitatively different results (Fig. 4.6 B, D, F, and
H). At low stocking density. larger sead fish.give rise to larger produce (Fiz. 4 & B), just
as in the case of zero mortality. However, this pattern reverses at higher stocking densihies.
where the smallest seed fish give nse to the largest produce. This qualitative change is the
result of size-dependent mortality. Small seed fish suffer a high mortality early in the growth
penad, so ti1at compention between the survivors is low. Large seed fish are less affected
by mortality, even at high density. Hence their density at harvestng 15 sull comparatively
high, and their average size is accordingly low.

Production {Fig. 4.6 D) demonstrates the compensatory role of density-dependent
arowth and size-dependent mortality. Stmilar levels of producoen can be achieved with any
size of seed fish. The smaller the seed fish, the hiphel the stocking density required to reach
maximum production. The highest production 1s achieved by stocking small seed fish at high
density, but the advantage over larger fingerlings stocked at Jower density 1s only marginal.

Profit at constant pnices per unit weight of produce (Fig. 4 6 F) can alse reach a
simmlar level for any size of seed fish. Here, the highest profit is achieved by stocking 7 em
long fingerlings at a density of 1700 fish/ha. _{-Ience there is an intermediate optimal size, but
the advantage of this size group over others is only marginal.
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If prices of produce are size-dependent (Fig. 4.6. H), maximum profit 15 obtained by
stocking large fingerlings at a low density, and the difference in maximum profit between
the Size groups is more pronounced.

As in the absence of monality, production and profil are very sensitive to siocking
density for large fingerlings, while small fingerhings yield good results over a wide range of
densities.

In Fig. 4.7, production 15 shown as a function of biomass stocked, for different sizes
of seed fish, and for no monality and high size-dependent mortality. in 1he absence of
mortality. the smallest fingeriings give rise to the highest production, and they need lo be
stocked at a low biomass only. Larger fingerlings must be stocked al a higher biomass 10
yield maximum production. This-rule also apphes regardless of the level of production: the
larger the seed fish, the higher the biomass of them that must be stocked to attain 2 certan
level of production. In the absence of menality, a production of 130 kgfha can be achieved
by stocking | kgof 3em, 3 kgof 5cm. 6 kg of 7 cm, or 15 kg of 9 ¢m fingerlings. As
shown in Fig. 4.6 (O). the stocking density of 3 cm fingerlings necessary to achieve a
production of 130 kg/ha (at no mortality) is less than two times the necessary density of 9
cm {ingerlings. Yet the average weight of a 9 cm fingerling 15 27 times that of 2 3 ¢m
fingerling. Henee the biomass 10 be stocked of 9 cm fingerlings 15 about 15 times that of 3
¢m fingerlings.

180 1.20-
y A B
g =)
120 ED
2 g
3
g §
3 ]
E 80 3 a0
& £c
| *
0 - . ol : :
G 20 4l &0 B0 100 [u} 20 a8 B BO: 100
Biewnass stocked flogihag Himass stocked fhgfhe)

Fip. 4.7. Production as a funcoion of slocked hiomass, for ditferent sizes oF seed fsh (41 No martality {B)
Size-dependent monality (M, =1.292 3", ¢ =0.5). The average fength of seed fish s (&) 3em {+1 5 om, £
T em. and {O) 9 cm

The results for size-dependent mornatity (Fig. 4.7 B} are sinular. the biomass to be
stocked for opumal production increases sharply wath the size of fingerlings As has been
shown egarhier. the overall maximum producton under size dependent monality is achieved
by stocking 5 cm long fingerlings.

The 1nfluence of the degree of size-dependence in morality on the optimal size of
seed fish 15 demonstrated Fig. 4.8, where results are shown for different «alues of the
parameter ¢ (¢ =0.5. and ¢ =1.0). The survival of fish during the growth period is shown
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in Figs. 4.8 (A) and (B}. As expected, the difference 1n survival between length groups of
seed fish increases with increasing degree of size-dependence of mortahity. The suirvival of
large seed fish is hughly dependent on stocking density, while this effect is less marked for
smaller seed fish. The stocking of large seed fish resulls in Strong competition, and
consequent compettion-mediated density-dependent mortality. Smail seed fish stocked at the
same density are subject to less competition and to higher mortality, so that competition-
mediated density-dependence 1s less pronounced.
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The survival of 5 ¢m long seed fish. is about the same for both degrees of size
dependent mortality. For larger fingerfings. survival is higher under strong Size-dependence
i mortality, while supvival of smaller fingerlings (3 €mj is much lower. Production (Figs.
4.8 C and D) reflects the influence of the degree of size-dependence 1n mortality on survival.
Fingerlings of 5 ¢m or larger produce more if size-dependence is stronger. while 3 em

fingerlings produce less.
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The higher the degree of size-dependence in mortality, the larger the oplimal size of
seed fish. However, while very small seed fish are a definite disadvantage. the difference

between larger seed fish 1§ marginal.

Summary of management implications

{1 It 13 usually optimal to produce fish at or only slightly above the mirumum marketable
size. This determines the optimal stocking density.

{2) Maximum profit i1s reached at a lower, or ar the same stocking density as maximum
production.

(3) If revenue per unit weight of proeduce is size-dependent, 1t may be optimal to produce
fish slightly larger than the minimum size, by stocking at a lower density. However,
it 1s never optimal to produce very large fish.

(4) Mortality 1s always limiting preduction and profit. A high stocking density can not
compensate for high mortality.

{5)  The optimal stocking density increases with increasing mortality.

{6)  Similar levels of preduction or profit can be reached by stocking various sizes of seed
fish.

{7 If mortality is low and/or weakly size-dependent, it 15 optimal (o stock small seed fish
at a high density. At high.-strongly size-dependent mortality. there is 2 well defined
minimum size, but similar levels of production or profit are reached over a range of
larger sizes

(8)  The biomass that must be stocked 10 attain a certain level of production increases
with 1ncreasing individual sice of seed fish.

(%)  Production and profit are more sensitive to stocking density for large fingerlings than
for smali fingerlings. Large fingerlings are easily overstocked, resulting 1n a losssof
preduction and profit.

4.3.2 S1agpered Harvesting

Staggered harvesting refers to a regime where harvesting is effected Over a certain time span,
rather than limited to the end of the producnion period. Fish thar have reached a-marketable
size are being harvested continuously, thereby thinning the population and increasing the
growth rate of the remaining individuals.

The vulity of staggered harvesting 15 explored here 1n relation to stocking density and
minimum marketable size. The resulls in the previous Section suggest tha it 15 often optimal
e produce fish at. or only slightly above the minimum marketable size. Therefore. the
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selectivity of gear used in staggered harvesting will normally be such that the average size
in the catch is close to the minimum marketable size.

[n the simulations, knife-edge selecnon is assemed al length 1. 1.€. no fish are caught
below thas length, while all larger fish are subject to 100% selection by the fishing gear.
Fistung mortality 1s assumed 1o be infinitely ngh, i.e. all fish larger than 1, are caught within
one time step after reaching l.. The total yield consists of the larger fish caught during the
production period, and all fish remaining in the reservoir and harvested at the end of the
period.

The effects of staggered harvesting are lustrated 1 Fig. 4 9. The length structure
of the population and of the catch are shown for a cohort stocked at 2500 fish/ha, with and
without staggered harvesting at 1.=18 em, in the absence of natural morality. For a single
harvesting event, Fig. 4.9. {A) shows the length distnbution of the population in menthly
intervals, and Fig. 4.9 {€) shows the length distribution of the catch taken at the end of the

Single harvest Stangered harvesting
Fopulation

E oL i | BV A
"'.cjh Catch
5 wnl € i o

il

Time {months)

Fig 4.9 lnflueace of wepeered harvesung un papulation and carch length siruclurs. (A Lengeth Trequens
thistnbution of a cohon over 2 sis manths prawth period (Stocking density 2500 fish per hoclare. ne menalii: ),
{8} Lengih frequeney disinbunon of the same cohort 10 the case of stagticred harvesthing 4l a selection lengih
=18 cm. (C) Lengibk frequency distnhution of the carch taken from the cabon displayed in {a) (D) Lengh
frequency distributions of the caich taken under staggered harvesung (from the cohort showa in B).
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growih period. Length distributions of the population and of the catch under staggered
harvesiing are shown in Figs 4.9 (B} and (D), respectively. Staggered harvesting has three
main effects: the catch is obtained over a longer time span. the average size of produce is
larger, and the size of produce is more uniform. The selective removal of large fish has a
strong effect on biomass, and the improved growth in the remaining population 1s clearly
visible in Fig. 4.9 (B).

Staggered harvesting presents an advantage over 2 single harvest under cerain
condinons. In Fig. 4.10. average weight of produce, producton, and profit are shown as a
function of stocking density. for staggered harvesting at gear selection [éngths | of 135, 18,
and 20 cm, and for single harvesting at the end of the production period. No mortality, and
size-dependent mortality (M, =1.292 y', g =0.5) are examined.

Average weight (Fig. 4.10 A) in the absence of stagpered harvesting follows the
familiar pattern of decline with increasing stocking density. At low stocking density, fish
grow much larger than the gear selection lengths. Under stapgered harvesting, these fish are
caught soon after reaching I, (15, 18, or 20 cm). Hence, at low stocking density, the average
welght under staggered harvesung is almost constant, and lower than the weight reached
under single harvesung. Staggered harvesting -is clearly not beneficial at low stocking
densities. The averape weight under single harvesting declines with increasing density, and
at some density falls below the average weight under staggered harvesting at any given L.
Above this stecking density, staggered harvesting is advantageous because it increases the
average size of the produce and hence production with respect to single harvesung-1fdensity
15 increased further, the average weighl under staggered harvesting approaches that under
single harvesting. Hence stapgered harvesting leads to an increase in the average weight of
produce aver some limited range of stocking densities. This patiern is similar for all three
selection lengths 1, but the benefit of staggered harvesting 15 greatest at low L. L.e. when fish
are harvested at a small size.

If fish of a certain size are to be produced under single harvesting, (s 15 achieved
by stocking at such a density that the desired average size is reached at the end of the
production period When fish are stocked at a higher density, they do not reach the desired
avcrage size. However. because a cohort comprises fish of a range of sizes. some fish at
least are growing to the desired size before the end of the peniod. The harvesting of such
individuals eases ¢compettion within the remaimng population, and allows smaller fish to
reach the desired size. Hence the average size of produce 15 increased with respect to single
harvesting at the same stocking density. At very high stocking densites, very few or no fish
will reach the desired size. and staggered harvesting can not take effect.

Production under staggered harvesting, at no mortality, 1s shown in Fig .10 (B).
Staggered harvesting increases production relanve to single harvesting at those swocking
densities where it increases the average size of produce. For any $election length . there is
a certain range of stocking densiies at winch staggered harvesting is benefiial. The smailer
I.. the greater 1s the advantage of staggered harvesting, at the ¢orresponding optimal Stocking
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density. The optimal stocking density for producing fish of a certain size under staggered
harvesting 1s zlways higher than the density at which the same average size 18 reached under
single harvestng. For example, an average Size of 0.15 kg is reached at a stocking density
of 900 fish/ha under single harvestmg. The same average size 15 reached under staggered
harvesting at L.=18 cm, at a stocking density of 1200 fish ha. Hence the optimal stocking
density under this staggered harvesting regime is about 30% higher than under single
barvasting.

Profit for constant price per umt weight (Fig. 4.10 C) behaves in a way similar to
production, but maximum profit is always reached at a slightly lower stocking density than
maximum production.

If prices of produce are size-dependent (Fig. 4. 10 D), maximum profit 15 reached at
stll lower stocking densities. Staggered harvesting is comparatively less advantageous for
size-dependent prices than it is when prices are constant. As demonstrated above, staggered
harvesting 1s most effective in terms of production if fish are harvested at a smal! size, but
such fish are of a low value if prices are size-dependent.

Mortality has ap important bearing on the potential benefils of staggered harvesting.
Fig 4.10(E) and (F) show profit for constant and size-dependent prices respectively, at size-
dependent mortality (M,=1.292 y*, ¢ =0.5). The production of small fish under stagpered
harvesting looses its advantage, because the dense, slow growing population 1s subject to very
hiph losses. If prices are constant (Fig. 4.10 E), staggered harvesting at higher selection
lengths can still increase profits over those from single harvesting. If prices are size-
dependent (Fig. 4 10 F), the benefit of staggered harvesting is at best marginal. Staggered
harvesting at low selection length I, even incurs a substantial toss of profit.

The benefit of staggered harvesting is highly dependent on the duration of the
production period. In Fig. 4 11, maximum production with and without staggered harvesting
at L, =18 cm is shown in relation to the duration of the production period; for no mortality
(Fig. 4.11 A), and size-dependent mortality (Fig 4 11 B) (M,=1.292y"', ¢ =0.5). Maximum
production is subject to the constrzint of a minimum average size of produce of 0.15 kg.

In the absence of mortality (Fiz. 4.11 A), the zbsolute and relative benefit of
staggered harvesting increases with the duration of the production perod. Durning a 4 menth
period, staggered harvesting incurs 2 production loss, but at § months there is a gain of 20%,
which rises to 44% for a i2 months period.

At high, size-dependent mortality (Fig. 4.11 B), the picture is somewhat different.
Production under both harvesting regimes increases inidally with the duration of the period,
but is about constant for periods of 8 months of longer. Staggered harvesting again incurs
a loss of production during a 4 months period, but is beneficial if the production period 15
longer. However, neither production, nor the benefit of staggered harvesting are increasing
for periods longer than 8 months. At high, size~ dependent mortality, the cohort is
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thinned naturally early in the growth period, and an increase in stocking density 1s
compensaled by increasing mortality. The number of fish Surviving to reach harvesting size
15 about constant, and their growth rate 15 relatively high because of low competition. Hence
the thinning effect of staggered harvesting is imited. '

Summary of management implications

(1)

{(2)

Gy

(4)

(5}

(6)

Under siaggered harvesung, the yield is obtained over a longer tme period,
production is higher, and the produce is larger and more uniform 1n size than under
single harvesting, provided that the optimal stocking density i5s maintained

Optimal stocking density under staggered harvesung i1s higher than under single
harvesung.

Staggered harvesting at low stocking density incurs 2 loss of production.

Stapgered harvesting is most effecuive if natural mornality is low. and if fish are
harvested at a small size. If monality 15 high. fish should be harvesied at a larger
size bul staggered harvesting |s less effeclive as a means of increasing production
The absoiute and relative gain in yield due w0 staggered harvesling increases wilh the
duration of the growth period. but approaches a constant value for long periods

If natural morality 1s high, leng production penods offer no advantage. This
applies to siageered as well as 10 Single harvesting



4.3.3 Mulitiple Stocking

In the previous Sections, stocking has been limited to one instance at the béginning of the
growth period. Under some conditions, it may be advantageous Lo stock several umes dunng
the growth period. Two modes of multiple stocking are considered here. The first approach
is 10 split the growth penod into two or more discrete production cycles with one stocking
and.one harvesting event in each. The other dpproach 15 to combine Mmuluple stocking with
staggered harvesting. dunng a single production cycle.

Several produciion cyiles

The feasibility of splitting the growth period into several discrete production cycles is easily
investigated. Maximum production is calculated for vanows growth periods. A Jong growth
period can be split up into two or three short cycles. in which case ihe total production
duning the period eguals two or three umes the production achueved dunng one short cycle.

In this analysis, maximum production is calculated subject to ihe constraint of a
minimum marketable size of 0. 15 kg. The total production and production per month that can
be achieved duning cycles of 4 to 12 months are given in Tab. 4.2, for no monality and s1ze-
dependent mortality (M, =1.292 y!, 0 =0.5). Cycles shorter than 4 months are not included,
becavse fish fail to reach the minimum size even at fow stocking density. Total production
increases sharply with increasing length of the period at first, but then approaches a constant
value for long periods. Obviously, there is no advantage in very long production cycles.
Production per month reaches a maximum for cycles of 5 to 6 months, under both mortality
regimes. Hence the optimal length of a production cycle is 5 to 6 months.

In Fig. 4.12, total production in the absence of mortality is shown forperiods of 4
to 12 months, managed as one. two, or three discrete production cycles. For penods of up
to 6 months, a single production ¢ycle is the only feasible option. An 8 months period could
be split into two 4 months ¢ycles. but this would resuit in a loss of production. Conversely,
the production during a 10 or 12 months penod is gready inereased by spliting it up 1nio two
cycles of 5 or 6 months. This ties 10 with the result that 5 © 6 months 15 the optimal duration
of the production cycle. A 12 months period could also be split wnto three -+ months cycles,
but production would be lower than during two 6 manths ¢ycles.

The relative benefil of producing in two cycies increases with increasing natural
mortahity: the gain in production is 50% and 73% dunng 10 and 12 months periods at no
mortality. and 56% and 85%, respectively. at high size-dependent mortality (M. =1.292 y,
e=0.5) A shorter production cycle reduces the loss due to mortality, and this effect is most
noticeable if mortality is high
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Tab. 4.2: Maximum production achiewed dunng different growik periods, subject 1o 8 mummum average weight
at harvesting of 0,15 kg. Alse given are the stocking densities at which marimum productios is achieved,

Mo mortality Size-dependent mortality
M =0 (M, = 1.292 y', g=0.5)
Penod Stacking Production Production Stocking Production | Producticn
{m) denzity (kgiha) {kp/halm) density {kg'ha)} (kghaim} l
" (n/ha) (n/ha) |
4 || 300 45 Ll 116k} 42 1
|
5 ! 200 157 23 2700 £5 i?
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Fig. 4.12. Total production as a fupzton of the length of the growth period and the number of production cycles
during the pencd. Mo morialisy
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Multipte stocking and staggered harvesting

In Section ¢4 3.2). 1t has been shown hat staggered harvesting can often yield a mgher
production than single harvesting Instead of splitting a production penod 10 Several
discrete cycles, multiple stocking can be combined with staggered harvesung during a single
cycle. This option is explored here for a ien months growth period.

Various stocking patierns were simulated, always for staggered harvesting at an | of
18 cm (resulting in an average weight of produce of about 0.15 kg) Only one multiple
stocking pattern was found to offer an advantage over single stoching with staggered
harvestng. or several discrete production cycles. This patiern was continuous stocking during
the first 6 months of the period.

Production under various stocking and harvesting regimes is given in Tab. 4.3. At
no mortality, the highest production is achieved with a single siocking and stapggered
harvesting. followed by continuous stocking over 6 months, and two discrete cycles. At high
size-dependent mortality, the picture is quite different. Continuous stocking over the first 6
months is best. closely followed by two discrete cycles. A single stocking with thinning does
worse, because fish stay in the reservour for a long time and suffer high losses. At high
mortalities, there 15 a strong advantage 1n réducing the nme span that fish stay in ihe
TESErvOoir

Under certain conditions, there may be a slight advantage 1 multiple stocking with
thinning over other stocking and harvesting regimes.

Tab. 4.3: Effest of vanous stocking and harvesiiog repimes oo total production dunibg & ten months growth
penod Maximuem production is given, subject to the constraint of 8 minimum averzge weight of (.15 kg, The
manapément patterns are: single and double cycles with complete harvesting af the end of eyele: and single
stocking, continusus stocking ever 10 manths and continbous stocking over the first 8 months, all with staggered
harvesting at |, = 18 em and infiruls fishing mortalicy.

[ M=20 M, o= 1.202y". g=0.3 |

Regime Production Stockmp Produclion S1ocking
£ fkp/ha) density (n/ha) (kg'ha) density (o/hal

Single eycle (10 months) J 156 1063 JEL 34040
Twa eycles (5 months each) Il 234 1600 170 5400
Single eyele waih stagpered 259 1500 150 BOO0

I barvesting
Contnuous stocking {first 6 250 F360 184 BA00
manths}, staggered harvesting
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Summary of management implications

(1) If the growth period is sufficiently long, multiple stocking will often lead to an
increase in production.

{2) The simplest mode of multiple stecking 15 to split the growth period into two (or
three) discrete production cycles. This will lead to a strong increase in vield when
growth periods are long, and particularly if mortaity 1s high. IF mortabty is low,
single stocking wath staggered harvesting yields better results than two discrete cycles.

(3 More complex muitiple stocking patterns, combined with staggered harvesting duning
a single production cycle may under some aircurmnstances yield shightly better results
than two discrete cycles or a single cycle with staggered harvesting. However, the
gain 1s unlikely o be substantial.

(4) Two discrete production ¢ycles or one cycle with staggered harvesting are the
principal management optons to be considered if & long growth period 15 available.
Twa cycles are optimal if natural mortality 1s high, while 2 single eycle with
staggered harvesung is optimal at low mortality.

4.4 DYNAMICS OF A PERENNIAL RESERYOIR FISHERY

In a perenmal reservoir fishery, the length of the preduction eycle is not limited by physical
constraints as in seasonal reservous. The production cycle (time between stocking and
harvesting of a cohort) may be completed after a few months, or extend over several years.
The actual lengih of the cycle 15 determined by stocking density and fishing patterns.

Section (4.4.1} explores the dynamics of a perennial reservoir fishery under
continuous siocking and harvesting, The implications of discontinuous stocking, as is
practised in maost reservowr fishenes, are examined i Section (4.4.2).

All simulations of perennial reservoir fisheries are done for a moderately high, size-
dependent mortality (M, =1.292 y*. ¢=05). This is likely to be a good approximation to
the condivions found 1n many perenmal tropical reservoir fisheries.

4.4.1 Continuous Stocking

If a perennial reservair is stocked and harvested continuously, with constant stocking density,
fishing mortality and gear selectivity, then the fish popalation is in a state of demographic
équilibrium. The population biomass is constant, and the size structure stable. Hence hish
grow according t a standard VBGF, with a constant L., determined by the population
biomass. The yield obtained from the fishery is alsa constant over time.



Population biomass, production and the time span needed by an average seed fish to
reach the gear selection length are shown in Fig. 4.13, as a function of stocking deasity. The
fishery is harvested continuousiy at a selection length | of 18 ¢m, with infimtely high fishing
mortalily. Population biomass increases almost iinearly with stocking density over the
simulated range of densities. Hence L. decreasing linearly with biomass, and the time it
takes a seed fish to grow to the gear selection length tncreases from about 0.3 ta 0.6 years
aver the density range explored Annual production reaches its maximum of 265 kg/ha at a
stocking density of 11000 fish/hafyear. The population biomass then is 67 kg/ha, so that the
annual P/Bratio 15 4:1. An average seed fish needs about half a year to grow to the selection
length.
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Fig. 4.13. Aspects of production in a perennial reservair fishery, stocked confinuousiy and harvesied
eontinuously with a selection lengih of | = |8 cm and very high fishing mortality, (™) Biomass of the population,
{*} Producuion per year. and {+) Time span necded by an average seed fish 1o grow tu the selecuon length [

Comparison of production under a fimited cycle and continuous culture

Some small reservoirs are parennial, bul are nevertheless managed as a seasonal fishery. If
such a fishery is chanped 10 a continuous mode of operation, the result will be a production
increase, which can be predicted using the model. One potential problem however, is the
change in population structure brought about by a change in stocking patterns. As discussed
in Chapter 2, competition at a given biomass is usually less intensa 11 a population
compnsing several cohorts (hence a wide range of size groups), than 1n a single cohort.
Hence the compelition coefficient d 15 expected to decreasa (f production 15 changed from
single cycles to continuous maode.
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The wnfluence of the value of d on production in a continuous system is shown in Fig
4.14, for =18 ¢m and infinite fishing mortality (as in Fig. 4.11). As d decreases from ©.5
0 0.45 and 04 em ha y', production increases and the maximum is reached at higher
stocking densities.
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Fig. 4.14, Effect of a change in the compettion coefficient d on 1otzl preduction in a perennia: reservoir
feontinugus stocking and harvesting, | =18 em). Values of d are () 0.5, (+) 0.25 and =) 0.40 cm ha kg

Tab 4.4 lists the maximum production per month achieved in a fishery managed as
discrete production ¢ycles, and as a continuous system. The fipure for discrete cycles refers
o an optimal cycle of 5 to 6 months (Tab. 4.2).

Tab. 4.4. Maximum production per month of growth period, attainable under discrete cycles and coahnugus
produclion. Swndard pameter values, size-dependent mortality (M, =1.292 v', =05, gear selection length
L.=18 cm apd wfinue fislung mortality.

Regime d (cm ha v} Produchion (kg ha‘month}
| Discrete cyeles 0.50 17
Conlinupus 0.50 22
- Il 0.45 s
IL .40 23 ]
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Conunuous production always offers an advantage over discrete cycles, even if the change
in population structure does not reduce the intensity of competition. in the likely case that
contnuous stocking reduces the intensity of competition, the advantage is even greater.

Gear selection and optimal size at harvesting

The optimal size at harvesting in a perennial culture-based fishery is dependent on the
stocking density. In this paragraph. fishing mortality 1s assumed (e be wnfinitely high, so that
fish are caught immediately after reaching the selection length. Fig. 4.15 shows production
for different gear selection lengths as a function of stocking density. If stocking density is
low. maximum production is achieved at high selechon lengths, i.e. by harvesting large fish.
As stocking density increases. 1t becomes advantageous to decrease the selection length, i.e.
to harvest smaller fish. If there 1s no limitation on the number of seed fish that can be
stocked, it is best stock at a high density, and to harvest fish as soon as they reach the
minumuwm marketable size. If the availability of seed is hmited, the harvesting of small fish
will lead 10 growth overfishing.

Froduction (kg/hafyear)

5000 16000 15000
Stocking density {n/haryear}

Fig. 4.15, Effect of the eear selection leagth (a1 very high fishing monaliy} on production i a perennial
feservorr  Seloetian fengths | oare (8] 15 ¢, {4 20 am. %3 25 et (0) 30 cm. ¢ %) 35 cm.
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Fisking mortality

The influence of different fishing mortality rates on the average weizght of produce, at
selection lengths 1, of 15 cm and 25 cm, 1s shown as a function of stocking density in Fig
4.16. The higher the fishing mortaiity rate, the sooner the fish are caught after reaching the
selection length, and the smaller the average weight in the catch. Stocking density also has
a strong influence on the average size, because it determines the growih rate of the fish. For
each value of the fishing mortality coefficient, the average time a fish will live after reaching
the selection length 15 constant, independent of the stocking density. Dunng this ome,
however, fish are growing much faster at low density.
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Production (Fig. 4.16 C, D} is usually highest at the highest level of fishing mortality,
with the exception of very low stocking densities At Tow stocking densities, growth
overfishing may occur if the gear selection length is low and fishing montality is high. The
highest pradluction 15 achieved at high stocking densities, high fishing monality, and low
selection length. If fishing monality 15 low, the optimal stocking density 15 also lower. This
result has important management implications: if fishing pressure on a reservoir population
1s low, high slocking densities must be avoided o prevent stunting of the population.

Interaction of gear selecrion and fishing mortality

Gear selection, fishing monality and stocking density are the main ais of a reservor
fishery that can be influenced by the manager. In Fig. 4.17, production is showa as a
function of gear selection and fishing monality, for three different stocking densities. As
stocking density and stocked biomass are constant 1n each of the diagrams, yield, and yield
per fingerling contours are similar to the production contours Each contour graph looks
similar to the yield per recruit -contours obtained from standard dynamic. pool.models
{Beverton & Holt 1957). Here, however, yield per fingerling is dependent on the stocking
density (1.e. the pumber of fingerlings). The optimal harvesting of the population 15
dependent on its density, a consequence of density-dependen: growth.

At low stocking density (Fig. 4.17 A), it is best to harvest at 2 igh selection length,
and fgh fishing mortality. If the gear selection length 1s Jow, fishing mortality should also
be lower At higher stocking densities (Fig. 4.17 B, C), a higher fishing pressure can be
sustained, in terms of both higher mortality and lower selection length. These results are
essentially the same as those obtained in the previous section for infinite fishig mortality and
various values of I.. the higher the stocking densily, the smaller the fish should be harvested
and vice versa.

If growth overfishing oceurs, it ¢an be alleviated by an increase 1n stocking density.
This result can be understood within the framework of classical yield per recruit models: an
increase 1n stocking density causes a decrease in L.g, which is essentially the same, as
Increasing the gear selecnon length in a density-independent papulation.

Summary af managemen! implications

) In a perenimal reserveir, continuous stocking and harvesting yields higher productuon
and profit thanweny regime invelving discrete cycles.

(2)  Opumal-production and profit are achieved by a combination of high stocking density,
low gear selection length and high fishing monality.
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(3)  If seed availabibty limits stocking demsity. growth overfishing may resuit from low
gear selection length and/or high fishing mortality.

{4) Growth overfishing can be averted by an increase in stocking density.

{5) If fishing effort. and hence fishing mortaiity,:are low (e.g. in a developing fishery),
care must be taken to avoid overstocking

(6) It a developing fishery. increases of fishing mortality and stocking rate should go
hand in hand.
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4.4.1 Discrete Stocking

Most perennial reserveirs are stocked several tmes during a year, but not continuously.
Hence it is necessary 10 explore how the results obtained for contnuous stocking are affected
if stocking ts discontinuous.

The effect of different stocking patterns on population biomass and weekly yield over
a one year period is shown 1n Fig. 4 18, always for the same total stocking density of 5000
fishfha/year, a gear selection length I.=20 ¢m. and very high fishing mortality.
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If ali fish are stoched mn a single event (Fig. 4.8 A), populauon biomass builds up
rapidly to reach a maximum of 110 kg/ha after 22 weeks. By this time, more and more fish
reach the sejection length and are being harvested, so that biomass declines. Most of the
yield 15 obtained during the third quarter of the year. During the fourth quarter, the reservoir
is virtually fished out and its production potential is unutilized.

If the same number of fish is stocked in two events six months apart (Fig. 4.18 B),
the picture 15 different. Population biomass fluctuates within a more narrow band, it neither
reaches high values, nor does it decline to zero as in the case of single stoclang. Hence the
produciion potential of the water body 15 utihzed throughout the year. There are now two
peak harvesting periods, each about half a year after the stocking of the respective cohort.
Fish take less time to grow to the selection length than after a single stocking event, because
biomass remains lower and growth rate higher. A staggered stocking over four events {Fig.
4.18 C) results 1n almost constant biomass and yield.

The total annual producion reached under various stocking densities and regimes is
shown in Fig. 4.19. Stocking twice a year gives rise o the same production as continuous
stocking. and so does any frequency of stocking above two events per year. Production
obtained from 2 single stocking event is substantially lower. A single stocking event is
insufficient (under the given harvesting regime) to fully utilize the production potenual of the
water body.
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Summary of management implications

{1y  The management unplications listed in Section 4.4.1 aiso apply to discrete stocking.

(2)  The temporal pattern of stocking has hittle influence on the total annual production af
a fishery under continuous harvesung, provided that a sufficient level of biomass is
maintained throughout the year.

(3)  The wotal annual stocking density resulting in optimal production 15 independent of the
temporal pattern of stocking, provided that a sufficient level of biomass 1s maintained
throughout the year.

{4) Frequent stocking reduces temporal variability in biomass and yield.

4.5 DISCUSSION

This discussion is structured in three Secoons. Section (4.5.1) discusses the model itsetf, its
advaniages and limitations, and ways of simplifying it. Sections (4.5.2) and {4.5.3) discuss
the results and management implications of the model for seasonal and perennial reservoir
fishenes, respectively.

4.5.1 The Model

The length-structured mawnx population model developed for this study 15 most general 1n
the sense that it allows all possible stocking and harvesting regimes to be investigated. It can
be used to explore the dynamics of culture-based fishenes and denve qualitative management
guldelines, as demonstrated 1n-this Chapter. The model can also be used in the management
of specific fishenes-to make quantitative predictions. Finally, the model can be used in the
estimation of parameters from stoching and catch data, if combined with 2 minimization
algonthm.

The growth projection matrix was first proposed by Shepherd (1987), who also
devised the algonthm for s construction used in Section 4.1 2. Sullivan er af. (1990)
constructed the matrix using a stochasti¢ growth model based on the VBGF. The matrix used
here 1s unusual in that it extends 10 length groups above L., Also, it needs to be re-
evaluated at every Lime step to account for the density effect on growth.

Care must be laken in selecting the wadth of the length groups in the model
[ndividuals are assumed 1o be evenly distnbuted within any length group, to grow by the
same length sncrement. and. o be subject o the same morality. These assumptions are
realistic 1f length intervals are small, but can lead to serious distoruons if the chosen length
intervais are 100 large. Hence the smaller the length intervals, the betler the precision of the
model becomes. However, computing time and memory requirements increase roughly with
the square of the.number of length groups (because of the marrix operations 1nvolved}. In
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practice. a balang:e must be sought between the need: for small length groups, ind the need
to limit computing time,

The model presented here is most general 1n that it allows for any possibie stocking
and harvesting regime. [ts analysis has shown, however. that usually only two sperial cases
need to be considered in the assessment of fishenes: a single cohort in seasonal reservoirs,
and a population at demographic equilibrium (continuous stocking and harvesting) in
perennial reservoirs. Both special cases can be investipated using simple, differential equation
nodels like the one used to estimate growth parameters tn Section 2.1.2 (see Appendix B).
Such models are not only more simple, but also much faster to simulate on a computer.
Hence it 15 possible to use such models in computer-intensive-methads o obtain parameter
estimates or predictions with confidence iimits (Efron 1982, Resurepo & Fox 1988).

4.5.2 Seasonal Reservoirs

As a rule of thumb, seasonal reservoirs should be stocked at a density such that the produce
is of the minimuUm marketable size, or only slightly larger. This rule has also been derived
expenimentally for European carp pond culture by Schaperclaus (1949. 1961}, A small
reservoir fishery producing large fish is likely 10 be understocked, and its preduction can be
increased by increasing the stocking density.

The production poiential of small reservoir fishenes is best utilized by producing
small fish at a high density, if such fish are accepted on the market. A preference for iarge
fish limits the total production that can be achieved from culture-based small reservoir
fishenes.

The optimal stocking density with respect to profit is often lower than the optimal
density with respect to biclegical production. Hence it is important g clarify the economic
abjectives of the fishery. Management for optimal producthion ofien results in sub-optimal
profit, and vice versa. This conflict between the two objectives is not always intuitive.
Maximum production 15 often implicitly taken as an objective, even 1f the manager 1S more
interested 1n profit.

Mortality s always a limiting facwor for production. At very high morality,
production is virtually nil. Reduenon of monality by predator or parasite control should be
considered if mortality 15 high. The wmplicatons of these Options can be explored
quantiiatively using the model.

Morality might also be z source of vanation in empirical models relating fish yield
or production to other bioue or abiotic parameters. For given levels of nutnent loads,
primary produchon eic., fish yield always declines with increasing monratity.

The optimal size of seed fish 15 the subject of much speculation, hitle hard evidence.
and various rules. The model results indicate that there 15 an Opumal intermediate Size range
for seed fish. and that this range 15 often fairly wide. Within this range, the optimal stocking
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density declines as size increases. while the production or profit obtained are about constant.
If spawn avalability 1s hinted. but sufficient nursing facilities are available, large fingerlings
can be stocked. If spawn availability is high, but nursing faciliies are limited, small
fingerlings can be stocked at a hicher density. An alternative option in the fatier case is o
set part of @ reservoir aside for pen or bay nursing. Seed fish are nursed to advanced
fingerling stage in the pen or bay, and are panly released into the reservoir, and partly
cultured intensively in the pen. or sold to private fish farmers. This approach has been
successfully implemented as a pilot project in NE Thailand (Manni 1992). and is also
recommended for Indian reservoirs (Jhingran & Unnithan 1990). The feasibility of pen or
bay nursing depends mostly on local economic conditions.

Large seed fish must be stocked at a much higher biomass than small seed fish to
achieve a simular level of production. Hence there is no Optimal stocked biomass independent
sof the size of seed fish. If a certain biomass is known to be optimal for large fingerlings,
stocking of the same biomass of smaller seed will result in Cverstocking.

An important consideration with respect to the optimal size of seed fish is the fact that
production and profit are most sensitive to stocking density if seed fish are large. If large
fingerlings are to be stocked, it is essential to have a good knowledge of growth and
mortality in the population, in order to avoid losses due to over- or understocking. [f small
seed fish are used, stocking density is far less critical

Staggerad harvesting 1s considered an important managemttn't measure in seasonal
reservoir fishenies by De Silva (1988). The modclling resuits suggest that staggered
harvesting may indeed increase production, raise the average size of produce, and result in
a more uniform size of produce. As harvesting is spread over a longer nme period, Staggered
harvesting also prevents a temporal oversupply of the market, with an associated drop in
prices. The modelling results give a good indication of the conditions under which staggered
harvesting 1s successful. Stocking density must be higher than optimal density in the absence
of staggered harvesting. Staggered harvesting 15 most effective 1f growth periods are long.
and mortality is low. If natural mortality is high. and the growth period is leng, it may be
more effective to operate the fishery with two discrete production cycles and without
staggerad harvesting.

Muitiple siocking can increase production of seasonal reservoir fisheries if the growth
period (season) is sufficiently long The simplest mode of multiple stocking is to split the
growih penod into two (or three) discrete production cycles, with a single stocking and single
harvesting in each. Gther modes of muluple stocking are unlikely to offer substantial
improvements over discrete cycles, and need not normally be considered. Short preduction
cycles are commeon in ropical aquaculture (Pillay 1990).

In a seasonal reservoir fishery. two management options should be explored 1f the
growth period is long: staggered harvesung during a single producuon cycle, or mulliple
production cycles. The choice depends mainly on the natural morality rate. [f monality is
low, staggered harvesting during a single cycle is best. [f mortality 15 high. two or three
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short cycles are better. The model can be used to obzin predictions of yield and optimal
stocking density under these managemeant options, provided that sufficient data are available
to eslimate parameters.

4.5.3 Percnnial Reservoirs

Perennial reservoirs are best manaped as continuous culture systems, since discrete
production cycles in perennial water bodies always yield a lower production.

Many resulls obtained for seasonal reservoirs (e.g. conceming the s1ze of seed fish,
influence of morality, etc,) apply equally to perenmal reservorr fisheries, and are not
discussed azain here.

Maximum production in perennial reservoirs is achieved at high stocking density, and
harvesting at small sizes. This is similar to seasonal reservoir fishenes. However, the size
of produce alone does not indicate whether a perennial fishery is managed optimally or not.
This can only be assessed 1f infermation on growth 1% available If growth i3 rapid and
stocking density is low, then small produce indicates growth overfishing. Stocking densities
in large mropical reservoirs are often low due to limited availability of seed (Bhukaswan &
Chookajom 1988, Pathak 199G}. High fishing pressufe on such reservorrs resulls in growth
overfishing.

Growth overfishing in 2 culwre-based fishery can be averied by tncreasing the
selection length of the gear, decreasing fishing effort, or increasing stocking density. If seed
malerial is available, an increase n stocking density 1s usually the best opbion, because it
increases vield substantially, and does not involve the social costs of Limiting fishing effort

At lugh stocking density, 1f 1S not necessary to 1mpose a size limit above the minimunm
marketable size. If a high size limit is imposed, stunting will result and the wtal yield as well
as the yield of larper fish 15 likely to decline. This has been observed in temperate reservoir
fisheries (Craig & Bodaly 1988).

In some cases, for example the Kamataka irngation reservoirs, fishing effort is
relatively low and the produce is very large. An increase in fishing effort is an important step
towards increasing yield. as has been pomnted out by Devara; & Mahadeva (1990).

in a developing culture-based reservoir fishery, fishing effort and stocking density
must be increased together, 1o obtain optimal production. This result has also been obtained
expenmentally in culture-based coregonid fisheries in Northem Eurepe (EIFAC 1992).

At constant stacking density and fishing pattern. individual growth in a muiti-cohort
fishery is described by a standard VBGF. A standard yield per recruit analysis can be used
10 evaluate the fishing regime and to detect growth overfishung, for any given stocking
density. A change in stocking density, or a large change in fishing patterns, will affect the
biomass and hence the growih of fish. Hence this yield per recruit analysis is only valid for
a constant number of recruits. The same apphes, stnictly speaking. to yield per recruit
analysis of any wild populaton.
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Annual total production is not affected by the frequency of stocking, as long as the
frequency is sufficient to guaraniee a substantial level of biomass in the reservoir. The
compensatory mechanism of density-dependent growth ensures that periods of low density
are efficiently utilized via increased production of the remaining population. This result is
based on the assumption that the competition coefficient 15 independent of population
structurg, 1.¢. all individuals in the population compete for the same resources If fish
undergo significant ontogenic changes n resource requirements, production will be highest
if all resources are utilized, i e. the full size spectrum is occupied at ali umes. Frequent
stocking will then yield higher production than infreguent stocking.

In intensive aquaculture, artificial feeding results in density-independent growth
(excepl at very high densities, when oxygen consumption and accumulation of waste products
may become limiting). If growth is density-independent, producton is maximised by
constantly operating the aquaculiure plant at the highest biomass density it can sustain. The
only way to avoid fluciuations in biomass during the production process i$ continuous
stocking (Watten 1992). However, the benefits of this policy may in practice be outweighed
by technical difficulties and increased labour demand.

All results are presented and discussed here for fisheries which are entirely culture-
based. In larger percnnial reservoirs, stocked species may establish self-perpetuating
populations (Jhingran 1986). In such reservoirs, stocking may still be practised to enhance
yield. The management of such fisheries 1s more complex, and beyond the scope of the
presenl study.
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Chaprer five

Adaptive Management of Culture-Based Small Reservoir
Fisheries: An Outline

This chapler oullines an adaptive approach to the management of culture-based small
reservoir fisheries. The adaptive approach emphasizes that fishery management is aimed at
a moving biological, economie and social targel. Adaptive management entzils systematic
learning from management expenence, and deliberate, planned expenimenting with
management oplions in order optimize stocking and harvesting regimes. The models
developed in the preceding Chapters, and the qualitative guidelines obtained from them are
essential ingredients of the adaptive management strategy proposed here.

5.1.PRINCIPLES OF ADAPTIVE MANAGEMENT

Adaptive management 1s based on the premise that the best way to optimize the exploitation
of a fishery is to leam from the experience of management iself in a systematic way
{Walters 1986). Basically, adaptive management consists of iterating the following steps:

(1)  Construction of a modei of the fishery based on current understanding and experience.

(2) Exploration of management options. and the uyncertainties surrounding these options.

(3)  Adoption of a stocking and harvesting regime that is likely to be beneficial and/or
resolve uncertainty.

The model to be constructed in step (i) can be of any degree of complexity, ranging
from a simple qualitative perception to a detailled mathematical model as developed in
Chapter 4. The model must be complex encugh so as to allow an exploraiion of available
Mmanagement OpLONS. -

Usually. only a limited set of management options will be available for any given
fishery. 1n a seasonal reservoir fishery with a short growth peniod, for example, there 15 no
option other than a single producuon Cycle, and the only problems are to find the nght
stocking density and size of seed fish (provided that different sizes are available). In a
perenmal reservonr fishery, on the other hand. vanous options are available and should be
explored
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The values of model parameters are usually subject to substantial uncertainty. This
unceriainty must be accounted for when exploring management optiens. Model predictions
should be obtained for a range of possible parameter values, rather than just for those values
deemed "most likely” by the manager. In this way, it is possible to get an indication of the
degree of uncertainty attached to potentially beneficial options.

if an option emerges as beneficial, and is subject to little uncertamly, this option may
be adopted straight away, with very litle nsk. Conversely, if the henefil from some option
is subject to substantial uncertainty, two approaches can be taken: (1) the management option
in question can be adopted, if the magnitude of the possible benefits justifies the risk possibly
involved; or (2) cther options may allow 10 resolve unceriainty, while incurmng a lower nsk.
For example, in a seasonal reservoir fishery, it may appear beneficial to operate n two
production cycles. The potential benefit of this option is subject o the density-dependent
prowth response of the fish. 1.e. the parameter values of the growth model. In this case, it
may be a good idea to change the stocking density in a way that does not incur 2 great loss
of yield, but allows to improve the estimates of model parameters The improved model can
then be used to ascertain {or reject) the potential for two production Cycles. and to predict
the best stocking density for the short cycles,

The risk invelved in the management of culture-based fisheries 15 generally less than
the nsk involved in harvesting nawral populations, because recruitment overfishing (e
depletion of the spawning stock) is not 2 concern. For the same reason, there 18 no inherent
risk in conservative management strategies. If stocking and harvesting patlerns are constant,
production will also be constant except for environmental variation. However, conservative
management also means that litde information is gained on the dynamics of the fishery, and
that potentially beneficial options remain uneiplnred.

52 MANAGEMENT OF NEW FISHERIES: DECISIONS UNDER EXTREME
UNCERTAINTY

This Section deals with management in conditions of complete, or very high uncertainty. This
situation is found in newly developing fishenies, as well as established fisheries for which no
rehable data are available Two situations are considered separately: stocking under complete
uncertatnty (i.e. first stocking), and stocking if expenence from one growth period is
available.

There are two main objectives 1n deciding on the stocking and harvesting pattemns
during the first two years of operation:

{1)  Stocking should demonstrate the feasibility of, and the benefits from developing a
culture-based fishery in the reservoir. Also, the risk of financial loss should be kept
jow
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(2)  Stocking and catch data from the first two periods should yeld a maximum of
infermation about the dynamics of the fishery, so that the stocking and harvesting
reziime can be optimizead.

In order to attain the second cbjective, stocking in the second year must be differenr from
stocking n the first year, so that density responses can be evalvated. On the basis of
modelling results {Chapter 4). the following approaches are suggesied for seasonal and
perennial reservoir fisheries,

5.2.1 Seasonal Reservoir Fisheries

First year

The first stockang of a seasonal reservoir 15 best done with a low density of small fingerlings.
The necessary investment 15 low, and the maximum possible loss is also low. Small
fingerlings yield a good production over a wide range of stocking densites; overstocking 1s
almaost impossible.

If small fingerlings are stocked at a low density, the fishery is probably understocked,
and individual weight at harvesting is Likely to be high. A catch of large fish is often
interpreted as a sign of success (although actually it indicates understocking). Stocking at a
high density might prevent fish from reaching a marketable size. in which case fishermen are
likely o regard the fishery as unproductive.

Second year

The stocking pattern for the second year is determined on the basis of first year results. The
main indicator 15 the average size of produce achieved in the first year. If the average size
was well above the minimum marketable size, the reservoir was understocked. If the average
size of praduce was too small, the fishery was overstocked In both cases, stocking density
in the second year should be adjusted so as o yield produce of about the minimum
marketable size. An indication of the best density can be obtained using approximate methods
like the Schipercliaus-Huet formula (see Section 1.3.3). Adoption of tiis stockine density will
improve the yield of the fishery over that from the first year, and provide much needed
informaben for further optimization.

[f, by chance, the first year stocking density turned out to be optimal (i.e. 1o yeld
produce of about the minimum marketable size). a change in density would yield
informanon. but would also entail a loss of production or profit. Hence stocking density
should be changed only if the gain in infermation 18 likely to outwergh the loss of producnion
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in the long run. This ts possible if the growth period is long, s that two production cycles
or staégered harvesting mught increase production substantialiy and are worth investigaung.
If the growth period is short, nothing can be gatned from further experimenung once the best
density is found.

5.2.2 Perennial-Reservoir Fisheries

The areuments developed for seasonal reservoirs apply to perenmial reservoir fisheries in a
similar way, Stocking at low density during the first year should be followed by an increase
in density 1n the second year. The opumal stocking density 1n a perenmial reservoir depends
on the fishing pattern and vice versa. Hence optimization is less straightforward than ip.a
seasonal fishery.

Fislang mortality is likely to increase as the reservoir fishery develops, and stocking
density should increase accordingly. Initially, overstocking is possible and should be avoided.
Section 5.3.2 gives a more detailed account of management.

3.3 ADAPTIVE MANAGEMENT OF ESTABLISHED FISHERIES

3.3.1 Seasanal Reservoir Fisheries

If stocking of 2 seasonal reservoir uring the first two production periods has followed the
patlern suggested in Section 5.2.1. sufficient informauon will be available to estimate
parameters of a density-dependent growth model. The empirical model developed in Section
2.1.1 can be fitted, provided that the biomass stocked differs between the first two years
(which 15 the case if fingerlings of simular size were stocked at different numerical density).
The density-dependent VRGF model has three parameters, 1t can only be fitted if data from
at least three different stocking densities are available, or 1f at least one parameter 15 inferred
from comparative studies. This possibility is discussed further in Section 5.4.

Once madel. parameters have hean esumated. management opuens can be explored
and the polential yield.of the fishery under optimal management can be predicted. In practice,
this ngorous scientific approach will be limited to 2 few inlensively swdied seasonal
TESErVOITS.

In the management of seasonal reservonr fisheres by small cooperatives, parameter
estrmnation and madelling are neither feasible, nor necessary. Management should be based
on simple guidelines. Stocking density should be adjusted so as to produce fish slightly above
the mimmum marketable size. 7 the production period.is short, there are no other
management optons. [f the period is long. two cycles or stagsered harvesting may yield a
betler preductien. A rough assessment of mortality can indicate which one of these options
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15 likely to be better: two cycles if mortahily is “high,”and staggered-harvesting ifnortality
15 low.

5.3.2 Perennial Reservoir Fisheries
Adaptive management of perennial reservoirs ¢an be done in the following steps:

(D Estimate growth and mortality parameters for the exploited populauon under the
cuirent stocking and fishing regime

(2)  Perform a yield per recruit analysis.

{3) IF necessary, change fishing patterns or stocking density.

In the short term, it is not necessary t0 estimate parameters for the full density-dependent
growth medel, though this is desirable for long term management. In the shon term, 1t is
sufficient to estimate standard VBGFE parameters. and the nawral and fishing mortality rates
in the exploited population.

_Regular marking of seed fish (fin clipping) is a good way to obtain reliable growth
parameters. Length frequency analysis of the caich may be difficult given the selectivity of
the gillnel or multi-gear fisheries typically operating on reservoirs.

Morality estimates can also be obtained on the basis of marked fish. The bulk of
naturaj mortality 15 likely 1© occur In the pre-recruit stage. The mean mortality rate in the
pre-tecruit stage can be estimated from the total numbers stocked and harvested. [f 1he
growth parameters and the exponent g of the mortality-size relationship have been estimated.
the natural mortality rate in the exploited length range of the population can be calculated
approximately. The parameter ¢ 1s difficult to estimate, so it may be necessary 1o use an
"educated guess”. A statstcally sound method for estimating mortality rates in culture-based
fisheries is still to be developed.

Once parameters have been estimated, a standard yield per recruit analysis can be
performed This analysis indicates whether the growth potential of individuals is exploited
optimally under the current stocking and cawch pattem. If the analysis indicates growth
overfishing. there are twa possibie remedies: a reduction of fishing mortality, or an increase
in stocking density. [f fishing effort 1s insufficient. effort must be wcreased or Lhe stocking
density decreased.

[n a newly established reservoir fishery, fishing effort 1s likely 10 increase over ume
The best stocking strategy then is to stock at a constant density, and monitor the catches.
QOnce effort 1s high enocugh W cause growth overfishing. stocking density should be increased.
This cycle of increasing effort and increasing stocking density can be repeated as long as the
produce {which will become smaller and smaller en average) i1s marketable.
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If this strategy of managing an evolving fishery is followed. data on the growth
response to density accumulates automatically. No stocking expenments which might result
in a delerioration of the status quo of the fishery are necessary. Once growth data are
available over a range of populauon biomass, parameters of the densily-dependent growth
model can be estimated. Then, the potential yield of the fishery under optimal management
can be predicted using the model.

5.4 REPLICATED SYSTEMS AND EMPIRICAL MODELS

Throughout this study, individual reservoirs have been considered as unique. However, there
will often be a number of similar reservoirs in‘an area, and this fact can be exploiied to yield
valuable management information.

The reservoir fisheries introduced in Chapter 1, for example, are all representative
of a group of reservoirs within an area, sharing morphometric characterstics, Species
composiion, and overall management regime.

Replicated systemns are defined here as groups of reservoirs that are qualitatively
similar in terms of their morphometry, overall production ecology, species composition, and
management regime. Such reservoir fisheries display similar dynamucs, but the values of
population parameters may chffer between them.

Some population parameters are likely to be the same within the group of reservoirs,
while others are likely to be unique to each reservoir. The VBGF parameter K is always
constan! within a small geographical area, and the competrtion coefficient ¢ {or d) is expected
to be constant between systemns of similar population structure {e.g. seasonal reservoirs under
single stocking). The degree of size-dependence of mortality @ 15 also jikely to be similar if
the stocked species are faced with similar predator pepulations (e.g. the snakehead ubiquitous
in NE Thailand). This leaves only two parameters that are hkely to vary strongly between
populations: W, (L.}, which reflects the productivity of the individual water body, and
the naturai mortality rate at reference length M,

Obviously, knowledge gained in the investipation of a few systems can help the
management of other replicates. If the values of K, ¢. and g estimated for a subset of
reservoirs show litlle variation, these estimates can be used in the assessment of the other
systems. Estimates of W, and M, can be obtained after only one year of stocking. so that
a comprehensive assessment of the potential yield and optimal management of an individual
reservQir is possible after one year of operation

A well studied subset of replicated systems can also be used to construct empirical
models, to predict population parameters from other biotic or abiotic parameters. For
example. W, can probably be predicied from nutnent levels or primary production.

if a set of rephcated systems has been identified. it is probably best to concentrate
adaphive management and samphng effort on a subset, in order to obtain reliable parameter
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estimates. If management effort is spread evenly over the whole set. the result may be a
collection of very unreliable parameter estimates, and generl mis-management.

5.5 SPECIES INTERACTIONS AND ECOSYSTEM MANAGEMENT.

This study has been concerned entirely with the populapon dynamics and management of
single species. South Asian reservoirs are usually stocked with several species of cyprinids,
and oflen tilapia. In addition. larger reservoirs may harbour natural populations of vanous
species.

The single species approach is sufficient if the interaction between stocked species is
weak. Two types of interaction can be distingwished: direct interaction due to competition or
predation, and indirect interaction due to the effects of species on the ecosystem. Direct
interaction between the species stocked 1n South Asian reservoirs is limited to competition
Indirect interactions can be strong and grass carp in particular may alter the whole energy
and nutrient flow in the ecosysiem by depleung macrophyte abundance Plankuvorous fish
also have a strong influence on nutnent loads and overall productivity (McQueen ef ai.
1986).

The understanding of single species dynamics gained in this study should be combined
with multi-species or ecosystem approaches 1n order to achieve optimal miEnagement of the
water body as a whole.

Culture-based reservoir fisheries are in a sense large-scale, extensive polyculture
systems. Hence the experience gained in polyculwre systems is to a large extent relevant to
reservoir fisheries. The development of robust, quantitative models for pelyculture systems
could advance the management of reservoir fisheries.

For the moment, it may be useful to construct simple, steady state "budget”™ models
(e.g. within the ECOPATH framework, Polovina & Ow 1983). Such models can give a
rough indication of the optimai hiomass to be maintained for vanious species or groups of
species. Individual species can then be managed using the adaptive approach developed here,
to achieve the desired level of biomass in a way that maximizes economic benefits.

The adaptive approach to the management of single species entails a COntinuOUS
analysis of stocking and cawch data. and the adjustment of stocking and cawch patterns 10
changes in the resource. Hence adaptive management also adjusts 10 the effects of species
interactions. Individual species will be managed in a way that is opumal under the given
overall regime. However. it is impassible on the basis of single species management 10 assess
whether radical changes could yield a mgher overall productivity.
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5.6 PERSPECTIVES ON COMMUNITY-BASED AND COOPERATIVE
MANAGEMENT

Small reservoir fisheries resources are often communal property, and are managed by
cooperatives or village committees. How can the adaptive approach © management be
implemented under such conditions?

Adaptive management seems to invoive an amount of samphng, modelling, and
experimenting with stocking and catch patterns that 1s ¢learly not feasible for small communal
management units However, simple rules have been devised for the management of seasonal
reservoir fisheries in Section 4.4.3 and this Chapter. Adaptive management on the basis of
these rules requires a munimum of sampling, and some simple calculatons. Hence this
approach can be used in community-based management.

The manapgement of perennial reserveoirs involves more complex tasks. However, such
reservoirs tend to:be larger, and support a larger number fishermen. Hence il is feasibie to
devote more effort to (heir management. Although some perenmal reservoirs are managed
completely by the community of users, stocking is often done by the government, while
fishermen are either licensed individually, or are organized in cooperative societies Perennial
reservoirs may best be managed co-operatively by the state and fishermen’s organizations,
The advantage of such management is that scientific methods of fishery assessment become
avalable, while user communines may retain control over the resource and enforce
regulations (Rettie er ol 1989).

5.7 DISCUSSION
Management of single species

Adaptive approaches to the management of culture-based small reservoir fisheries can be
developed on the basis of insights gained from the modelling results in Chapter 4. The
management procedures and tools can be fairly simple; particularly in seasonal reservorr
fisherses. Hence this approach 1s well swited for communal or co-operative (user community-
stale) management.

Further analysis of the models developed in this study may yield useful quanutative
guidelines, for example o prediet the optimal stocking density 1f the production period in a
seasonal reservair 15 split into two cycles, and the optimal density for a single ¢ycle 1s
known.

Another priority area is the dewvelopment of robust methods for 1he estmation of
growth and mortality parameters 1n perennial reservoir fishenes. Such methods are best based
on the recapture of marked seed fish. Fin ¢lipping of seed fish 1s common practice 1n Indian
reservoir fisheries research
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A wider perspective on management

This study 1s primanily concerned with the optimal management of culture-based, single
species fisheries under constant external conditions. In practice, adapuve management must
have a broader perspective. Some of these more peneral aspects are briefly outhned here.

Species interactions and ecoSystem management have already been mentioned, and
this is cenainly a key problem. Apari from tiological interactions between species, there 15
also the interaction between fisheries aimed at different species. Small "trash fish” species
may be exploited using fine mesh nets, while the optimal exploitation of stocked species may
call for larger mimmum mesh sizes. Small "trash fish™ are often exploited by the poorest
sections of the user group, and these may 100se put if gear restrictions are enforced to protect
the culture-based fishery.

Depending mainly on econonuc and socio-economic factors, i1t may be feasible to
develop small reservoirs for more intensive fish culture, as either pond or cagesculure
systems. The relative benefits of culture-based fisheries and more intensive modes of
production are likely to change as economic development proceeds.
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Summary

South Asian small reservoirs are man-made water bodies, which do not support self-
perpetuating populations of valuable foed fish species. Such reservoirs can be developed as
culture-based fisheries, i.e. fisheries based on the regular stocking of farm-produced seed
fish.

The aim of this study is 1o investigate the dynamics of Culmre-based reservoir
fisheries, and 10 develop methods 10 assess such fisheries, and estimate thewr potential yield
under optimal management. The study is Orfganized in several parts. First, mathematical
models for key populanon processes in a culture-based fishery are developed and tested.
Second, some economic aspects directly relevant 1o the stocking and harvesting of small
reservoir fisheries are considered briefly. Third, a general populalion model for culture-based
fisheres 1s developed, which incorporates the process models developed earlier. The general
model is used 1o explore the dynamics of culture-based fisheries. and te derive qualitative
management guidelines. Finally, an adaptive approach to the management of small reservorr
fisheries is outlined.

Density-dependent growth and size-dependenl morality are identified as the key
population processes in a culiure-based fishery. Density-dependent growth can be descnbed
by an extension of the von Bertalanffy growth function (VBGF). The density-dependent
VBGF provides an excellent description of carp growth expeniments in ponds. Size-dependent
mortality is well described by a power function of individual size, both in-natural populations
and 1n pond culture. The interacnon of density-dependent growth with size-dependent
moriality resuits in density-dependent mortality.

Economically, the price-size relationships of seed fish and produce are directly
relevant 1o the optimal stocking and haryesting regimes of culture-based fishenes. Hence the
cost-size relationship for seed fish. and the revenue-size relationship for produce are
investigated in an example.

A length-structured marrix model for culture-based fisheres 1s developed and
analyzed. The model incorporates the growth and morality sub-models developed in this
study. The following paragraphs summarize model results on the dynamics of culiure-based
fisheries.

It s generally optimal to produce fish at or shghily larger than the mummum
markelable size. If large fish can be sold for a mgher price than small fish. the optimai size
of produce is slightly, but never much higher than the minimum markerable size
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In seasonai reservoirs fishenes. the stocking density must be adjusted so that fish of
the desired size are produced. During long growth periods. production can be improved by
operating two production cycles if mortality is high. or by staggered harvesting 1f mortality
is low.

A wide range of sizes of seed fish can vield approximately the same production or
profit. Small seed fish must be slocked at a higher density than large ones, but not 1n inverse
proportion to ther individual -weight. The optimal hiomass 10 be stocked Increases with the
size of seed fish.

Perenmal reservonrs are best utilized as continuous culture systems. The temporal
pattern of stocking has litde influence on total production, Provided that a suificient
population biomass 15 maintained throughout the year.

The highest production in perennial reservoirs is reached at a high stocking density
and high fishing effort, producing fish of the mimimum marketable size. Growth overfishing
may occur at low stocking density, and ¢an be prevented by a decrease 1n fishing effort, an
increase in gear selection length. or an increase in Stocking density. If fishing effort is low,
carg must be taken not to overstock the reservoir.

Adaptive management sirategies for seasonal and pergonial réservonr fishenes -are
outlined. Such strategies are well sulted to Optimize stocking and harvesting regimes under

communal or co-operative management.
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A. Glossary of Symbols’

Symbol
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First occurrencs

2.1.2
2.1.2
2.11
2.1.2
2.1.1
2.12
32.2
322
3.2.2
<11
2.1.2
2.1.2
2.1.2
2.1.2
4.1.2
4.1.1
4.1.1
£.2.2
412
4.1.1
212
2.1.2
4.1.1
4.1.2
2.2.1
212

Appendix

Definition

Coefficient of the weight-length relauonship
Exponent of the weight-length relationship

Initial biomass density

Biomass density at time t

Carrying capacity

Competinon coefficient for weight growth (d.d. VBGF)
Parameter of the cost-length relationship for seed fish
Parameter of the cost-length relationship for seed fish
Cost of individual seed fish at length L

Catch vector

Competition coefficient for length growih (d.d. VBGF)
Length differential

Time differential

Weght differential

Fishing mortality rate

Element of the growth projection matnx

Growth prajection maifix

Grass profil {revenue minus seed cost)

Element of the diagonal harvesting matrix

Harvesting matnx

VEGF parameter

Length

Lower length bound of length group i
Back-calculated length of L at ume -dt

Reference lcngth for size-dependent mortality

Length at ume
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4.1.1
4.1.2
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2.1.2
212
2.1.2
25
2.2.1
4.2.2
2.1.1
2.1.1
2.1.1
211
2.1.1
2.2.1

Defimtion

VBGF parameter

Limiting L, (density-dependent VBGF)

L. at biomass B {(densitv-dependent VBGE)
Matural mortality in length group j

Natural mortality at length L

Natural mortality at reference length

Natural mortality at weight W

Mean mortality duning time interval [t,, t;] |
Population density in numbers at ime t
Population density vector

Index of growth performance

Parameter of the price-length relaionship
Parameter of the price-length relationship
Price of produce (fndividual) at length L
Production per unit area

Element of the diagonal survival matrix
Survival matrix

Taotal costs

Total profit

Total revenue

Stocking density vector

Gear selectivity for length group )

Weight

Reference weight for size-dependent mortalty
Weight at ime t

VBGF parameler

Liminng W, (density-dependent VBGF)

W at biomass B {density-dependent VBGF)
Weight at mean length

Mean weight in the caich at tme t
Coefficient of determination

Constant of the empincal model for density-dependent growth
Coefficient of the empineal model for density-dependent growth
Langth increment

Time period

Exponent of the mortality-size refatonship
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B. Estimation of Parameters of the Density-Dependent VBGF

The development of nmumbers and average weight in 2 cohort under constant mortality and
density-dependent growth 1s described by the following system of differential equations:

N_ v {B.1)

dt

Will-c N w
AR 4 g (Lo TC T {B.2)
aF lfe

To predict the average weight at harvesting, the system of equations is solved subject w the
inihal conditions:

Np=>Stocking density

Wy = Average weight of seed fish
The equations are solved using a fourih-order Runge-Kutta algorithm {Press er al. 1986).

Growth parameters are estimated by mininuzing the sum of squared differences
betwean the log transformed observed and expected weights. Minimization 15 performed
using the AMOEBA routine of Numerical Rex;ipes {Press et af 1986). This routine uses the
downhill simplex method, which does not require derivatives of the objective funciion.

Pl



C. Estimation of p

This Section deals with the problem of estimating the parameter g of the mortality-weight
relatiorship (Equation 2.13) from cohort stocking data. Such data is otten available from
pond culture or seasonal reservonrs.

Hf mean mortality and weight ai stocking and harvesting (W, and W, respectively) are
available for at least two cchorts stocked or harvested at different weight, p can be
estimaled.

The 2im here is to find an estimator of ¢ that does no require explicit knowledge of,
and ts insensitive to the growth pattern. The approach taken here 15 that of & linear regression
of log transformed mortality against log transformed weight, using different measures of
weight

Ininal weight W,
Mean weight W= (W, +W,)/2
Weight at mean length W ={(W P +W, 1%/2Y

The sensitivity of the estimators based on gdifferent measures of weight to the growth pattern
is assessed using simulation modelling. Simulations comprise the following steps:

(1}  The value of g is fixed (at 0.2, G.4, 0.6, 0.8. and 1.0}.

(2) For each value of ¢, 100 sets of density-dependent VBGF growth parameters and
mortahty at reference Jength are selected at random from the following intervals:
K 0.2y, 1.0y
W [10 kg ha,,, 40 kg ha,]
¢ (0005 ha kg, 0.015 ha kganl
M, [0.1y,, 1.Oy,]

3) For each set of paramelers, two cohorts are "stocked”, and "harvested” after 6
months. Their initial weight W, and imtal density N, are selected at random from the
ntervals:

W, [0.01 kg, 0 30 kg]

N,  [10 ha,. 400 ha ]
The corresponding weight and population density at harvesting are calculated using
the cohort model (see Appendix B). Mean mortality, mean weight and weight at mean
ieagth are calculated
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{4) Estimates g are obtained by two-point hinear regression of the log of mean mortality
against the log of imitial weight, mean welght and weight at mean length of both
cohoris.

The perfornance of the three estimators 15 assessad on 100 simulated data sets for each true
value of p. using the ¢riteria:

CV(0")=STD{e Me
RB(p )=(MEAN(p")-¢)¢

Coefficient of variation
Ralative bias

Here STD denotes the standard dewiation, MEAN denotes tha anthmetic mean, ¢ is an
estimate. and p is the true value. The coefficient of varation is a measure of how sensitive
an estimator 15 to the growith pattem. The relative ias indicates whether estimales are
consistently 100 high or too low. The results of the simulanon are shown in Tab, C.1.

Tah C.1. Coefficient of vanahon and relative ias of the eslimators for g using initial weight, mean weighe,
or weight ar mean fenpth.

" Cosfficient of vanavon (%) " Relative Dias %)
True g Lo tia| Meag Weight 11 Ir Imitial fiean Weight at

weighl weighl mean werpht weight mean

length length

a2 137 T3 g -4 34 N -10

o4 | 91 84 s | 5 9 | 8

0.5 || 25 112 & I -29 ) -8

0.8 i 32 110 g | -24 54 -3

10 18 665 7 =28 57 -3

Weight at mean length is by far the best esumator for ¢ by both cnteria. It is insensitive 10
the growth pattern, and the estimates are only slightly thased The use of initial weight or
mean weight yields esumates of ¢ that are hfghly sensuive 1o the growth pattern, and are
strongly biased.

The purpose of this simulation is solely 1o investigate the sensitivity of the esumators
tc the growth pattern. Further investigations are necessary of the statistical properties of the
estimators.
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