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Abstract 

Traditional biomass dynamics and age-struc- 
tured models of a single species within a single 
spatial unit are being supplemented by models 
that incorporate fishing effort dynamics, multi- 
ple species, spatial heterogeneity, and trophic 
interactions. These extensions impose a de- 
mand for data far beyond that required for the 
simple single species models. Information on 
the levels of interaction at different ages be- 
tween species and their response to changes in 
the physical and chemical environment must be 
provided. Movement within the spatial bounda- 
ries of the system, and a detailed understanding 
of the spatial distribution of recruitment are 
required if spatial heterogeneity is to be mod- 
elled. A sound understanding of the system to 
be modelled is fundamental to the selection of 
appropriate boundaries and of an appropriate 
resolution of space and time to be used within 
these more complex models. 

Introduction 

While traditional single species models remain 
the most frequently used tools of fisheries sci- 
ence, there is an increasing awareness that these 
models may be inadequate to deal with the 
complexity of the systems that they attempt to 
represent. A variety of extensions to the tradi- 
tional models have been proposed. These cover 
models that incorporate the response of the 

fishing fleet to changing abundance of the ex- 
ploited stock, models that reflect the spatial 
distribution of the fish stock and of the applied 
fishing effort, multispecies models, and models 
that represent the ecosystem (Figure 1). 

The data needs of these various models 
differ according to the boundaries of the system 
represented by the model, the level of abstrac- 
tion used within the model, and the aspect of the 
system that is modelled. Of necessity, in a 
general discussion of data needs, a broad ap- 
proach must be taken; the specific details of the 
data required by a particular model must be 
determined by the form of the model, and the 
method of implementation used. 

Single Species Models 

When research is commenced on a fishery, 
traditional single species models are usually 
used to provide initial management advice. The 
data needs are well known (see, for example, 
Shepherd 1984), and collection and mainte- 
nance of such data becomes one of the key 
elements of the research programme that is 
initiated. Such data (Table 1) are also essential 
for each exploited fish stock for the more com- 
plex models, and some further elaboration will 
therefore be presented here. 

The identification of the stock that is being 
exploited must be examined in order to deter- 
mine whether the fished stock can be treated 
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independently of neighbouring exploited 
populations of the same species. This may 
involve the collection and evaluation of taxo- 
nomic data, electrophoretic data, morphometric 
data, tagging data, analysis of chemical and 
biological (parasite) tracers, etc. 

Of fundamental importance are the time 
series of catch, fishing effort, and abundance 
data that are collected. These form the basis of 
much of the modelling for the fishery. Although 
the fishery is treated as a single unit within the 
traditional single species models, data are often 
collected in a spatially disaggregated form. This 
provides the data needed whencalculating aver- 
age catch rate for the fishery to correct for the 
movement of the fishing fleet to areas of high 
stock abundance. 

It is essential that both catches and landings 
are recorded, as the latter exclude discards that 
may experience fishery-inducedmortality. Fish 
may be discarded as a consequence of manage- 
ment regulations (e.g. the retum of fish with 
lengths below a minimum legal length), as a 
consequence of a vessel's limited capacity to 
handle or store the entire catch, or as a result of 
catch quotas or limited market demand (e.g. 
varying demand for redfish from the southeast- 
em trawl fishery of Australia) and associated 
"high grading" of landings. Where quotas are 
involved, a variety of biases are likely to occur 
(Copes 1986), e.g. where the value of the catch 
is high, "leakage" may occur and recorded land- 
ings will under-report the true impact of fishing; 
"leakage" is defined here as the movement of 
landed catch through unofficial or unreported 
channels. Where data on the quantity of fish 
discarded are available, there is a need for ac- 
companying studies to be undertaken to deter- 
mine the survival rate of the discarded fish. 

If the fishery utilises a variety of gears, data 
on catch and fishing effort should be 
disaggregated by the gear type used. Similarly, 
if different fishing fleets operate within the 
fishery, the data should be disaggregated by 
fleet; where the fish stock is shared with recrea- 

tional fishers, and a significant portion of the 
catch is taken as recreational catch, information 
on the number of recreational fishers, gear used, 
duration of operations, and catch taken must 
also be obtained. However, where the recrea- 
tional catch is relatively small, reliable com- 
mercial catch records are usually sufficient. 

Accompanying the data on fishing effort, a 
time series of detailed data should be main- 
tained that describes the vessel, number of crew, 
experience of skipper and crew, fish finding and 
navigational equipment, and fishing gear used. 
Major difficulties that exist for research into 
most fisheries are the changes in fishing effi- 
ciency (fishing power), the changes in gear type 
(selectivity), and the changes in fishing practice 
(tactics) that occur through time, i.e, factors 
affecting catchability. If effort data are to be 
relevant, they must be accompanied by these 
detailed records so that standardisation can be 
undertaken. These factors that affect the unit of 
effort should be regarded as measures of the 
"behaviour" of the fishing unit and studied with 
the same rigor as is usually applied to the behav- 
iour of the fishes. 

To avoid the difficulties of changing fish- 
ing power associated with recorded commercial 
or recreational fishing effort, standard research 
survey data can be substituted provided suffi- 
cient effort can be applied to produce a reliable 
measure of abundance. Such surveys allow the 
use of standard statistical methodology includ- 
ing, for example, stratified sampling (both spa- 
tial and temporal) and replication to achieve a 
known level of precision. 

Not only are indices of the abundance of the 
exploited fish required, but it is also useful to 
obtain time series of abundance of mature and 
spawning fish, of new recruits to the fishery, and 
of pre-recruit juveniles. Egg and larval surveys 
may assist in determining the extent and magni- 
tude of the parental stock, particularly in the 
case of pelagic schooling species (Fletcher et al. 
1992), and may provide useful indices in mod- 
els that attempt to link the life stages or incorpo- 
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rate an explicit model of the stock-recruitment are likely to change over time". Recognising 
relationship. that the simplification of the constant parameter 

Accompanying the information on catches, 
biological time series data are also required on 
the sex, size, and age composition of the catch, 
discarded fish, and landings. Standard informa- 
tion must also be available on the relationship 
between body weight and length, length and 
weight at age (growth), and fecundity at age. An 
estimate of the instantaneous rate of natural 
mortality is needed, and an understanding of the 
selectivity and efficiency of the fishing gear is 
required. 

It is important to note that the recorded data 
must capture sufficient contrast in levels of 
exploitation experienced by the fishery if they 
are to have great informational content and be 
useful in model development. Data from the 
early years of exploitation of a fish stock are 
therefore frequently of great value when the 
data are analysed. 

Time Varying Parameters 

Fundamental to these single species models is 
the assumption that the response of the fish 
stock to exploitation may be represented as a 
function of the changing abundance, and chang- 
ing age, sex, and size structure ofthe population. 
The response by the ecosystem to this exploita- 
tion, and subsequent feedback affecting the ex- 
pIoited population, is assumed to be represented 
within the functional form used to describe the 
biological processes for the fished stock; in age 
structured models, for instance, this may be 
assumed to occur within the stock-recruitment 
relationship. Alternatively, it may be assumed 
that environmental factors remain constant; for 
example, parameters such as those for mortality 
and growth are often assumed to be constant and 
independent of the density of predators or com- 
petitors for available food resources. 

As Walters (1 986, p.94) notes, "parameters 
measured as averages across the overall stock 

assumption may be inadequate, and acknowl- 
edging that theexploited populationexists within 
the context of a broader ecosystem, the assump- 
tions of the single species models may be re- 
laxedby assuming that theprocessesofmortality, 
growth, maturation, and reproduction remain 
constant within each of a number of subsets of 
the period covered by the time series of data, but 
vary between these subsets. This relaxation 
requires that, at intervals, data are collected to 
allow the calculation of a time series of pararn- 
eter estimates; these parameters may then be 
incorporated in a piecewise manner within the 
single species models. 

Introduction of Environmental 
Variables 

While the spawning potential of the exploited 
fish stock remains relatively large, abiotic envi- 
ronmental factors are often found to be closely 
correlated with observed levels of recruitment. 
In order to improve the predictive ability of the 
single species models, an appropriate extension 
is to represent recruitment as a function of both 
the spawning potential of the fished stock and 
selected environmental variables (Caputi 1993); 
this presupposes sufficient knowledge of the 
stock-recruitment process to permit establish- 
ment of feasible hypotheses and selection of 
appropriate environmental variables. For ex- 
ample, Penn and Caputi (1986) have had suc- 
cess in incorporating information relating to 
rainfall (associated with cyclone activity which 
appears to affect survival of recruits) in model- 
ling the stock-recruitment relationshipofprawns 
in Exmouth Gulf. 

Spatial Models 

Where the exploited stock covers a wide latitu- 
dinal range, it is also likely that density, recruit- 
ment, and the rates of biological processes will 
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alsovary over that range (Beverton et al., 1984). 
For such fisheries, it may be essential to con- 
sider a spatial representation of the system. 
Similarly, where different sectors of a fishery 
fall under the regulation of different manage- 
ment authorities, where area closures are in- 
cluded within the management regime, or where 
the exploited population exhibits a spatial reso- 
lution that varies with age or time, spatial mod- 
els may be required. 

These models may be of eitherthe box type, 
where the area covered by the exploited stock is 
divided into a number of possibly irregular 
regions, or of the grid type, where the area is 
divided by a regular geometrical grid. Such 
models require, for each region or grid cell, data 
similar to those required for the single species 
model; that is, catch, effort, and abundance data 
must now be spatially disaggregated. Also, 
parameters of mortality, growth, maturation, 
and reproduction must be provided for each 
region (e.g. Walters et a/. in press). 

Further to this, and peculiar to spatial mod- 
els, is the need for data on the (possibly age or 
size specific) flow between adjacent regions, 
and on the regional distribution of recruits to the 
exploited stock (arising from the spawning stock 
within each region). Tagging data become 
important in estimating rates of migration. 

Fishing Effort Dynamics 

Traditional single species models treat fishing 
effort as an exogenous variable; that is, effort is 
assumed not to respond to changes in the abun- 
dance of the exploited stock, but is a variable 
determined outside the boundary and within the 
surrounding environment of the model. Re- 
cently, there has been greater recognition of the 
predator-prey status of the fishing fleet and the 
targeted stock (e.g. Walters el a/ .  in press). 

In order to broaden the scope of the models, 
by including effort as a variable predicted within 
the modelled system, time series data are re- 
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quired on tactics used by the fishing fleet and on 
the economics of fishing, for example the value 
of the fish landed, the cost of additional vessels, 
gear, or technology, and the cost of fishing 
operations (Table 2). 

Multispecies Models 

The simplest approach used for multispecies 
fisheries is to treat the combined catch of all 
exploited species as a single unit. The species 
composition that results as the fishery is ex- 
ploited is not modelled. 

Another simplistic approach is to model the 
dynamics of each species using a "single spe- 
cies" model. Then interaction between the 
various stocks is usually modelled as techno- 
logical (operational) interaction (Table 3), where 
effort expended results in catches of each spe- 
cies, and where the tactical response of the fleet 
varies with species abundance and market de- 
mand (Beverton et al. 1984); biological interac- 
tion between the species is ignored. 

Targeting of effort towards each species 
becomes important, and the historical time se- 
ries is usually separated into the effort targeted 
towards each individual species; data required 
to determine this targeted effort might include 
the characteristics of fishing tactics that deter- 
mine the species mix within the catch at varying 
levels of abundance of the fish stocks, and 
detailed records of the tactics and gear used 
while fishing. If targeted effort can not be 
determined, it may be possible to identify a 
subset of vessels targeting each stock allowing 
abundance indices to be determined for the 
various fish populations. Alternatively, survey 
data on stock abundance may be necessary. 

A more complex approach is to assume that 
in addition to technological interaction, biologi- 
cal interaction will occur (Table 4). The latter 
may take the form of competition for resources 
(food, space, or shelter), or of predation. Preda- 
tion is likely to be size and age specific; preda- 



tion of larvae and juveniles, prior to recruitment 
to the fishery, becomes important. The abun- 
dance of these components of the fish stocks 
becomes an increasingly important element of 
the data collection. 

In addition to information on each single 
species, the data set must now include informa- 
tion on (age or size specific) interaction between 
each stock. Such requirements have seen ICES 
(the International Council for the Exploration of 
the Sea) move tow'ards the collection of large 
amounts of information on gut contents in an 
attempt to determine the daily ration of each 
species (Stokes 1992). Switching of food pref- 
erences as the relative availability of prey items 
changes requires continual reassessment of these 
interaction terms. The spatial distribution of the 
various species, and the migration patterns of 
those species, are important factors in determin- 
ing the level of interaction that may occur be- 
tween the species. 

Ecosystem Models 

More demanding still are models of the ecosys- 
tem (Table 5). In these models, the physical, 
chemical, and biological interactions are in- 
cluded in the modelled processes. Information 
on forcing by temperature, or wind, is combined 
with information on bathymetry to construct 
(multilayered) models of water advection and 
mixing. This information is then combined with 
dataon nutrient levels and inputs, rates ofchemi- 

(by species type), toestimatechanges in biomass 
and nutrient uptake that will occur. Loss of 
biomass through erosion, mortality, or grazing 
requires information on the rates involved. 
Subsequently, with interactions through the food 
web, the biomass of each functional group is 
determined; as in multispecies models, the data 
requirements are for detailed information on 
daily rations and composition of each dietary 
element, and will involve interaction between 
size of predator and size of prey. 

Here the approach used is often to aggre- 
gate the species involved into functional groups 
or trophic levels. This implies that, although 
used as an aggregate, information must be avail- 
able at species level. Commercial groupings 
and taxonomic groupings are likely to prove 
inadequate. 

Discussion 

Data requirements increase exponentially as 
models become increasingly complex. This 
imposes a considerable burden on the resources 
of a research agency, and, with many fisheries, 
the costs associated with collecting such exten- 
sive data bases are likely to become prohibitive. 
An inevitable consequence is that researchers 
will have access to data sets that are less than 
adequate, with the result that stronger assump- 
tions may need to be made in order to use 
available data, and the resulting models will 
have considerable uncertainty. 

cal transformation, biological uptake, diffusion, 
While precision of model predictions is 

and nutrient release from sediments to estimate sacrificed as models become overly complex, 
concentrations throughout the water mass. In- there are benefits associated with taking a broader 
formation on the levels of photosynthetically view of each system than obtained by relying 
active radiation (PAR) reaching the various 

only on a simple single species model. For 
depths must be determined, involving knowl- example, understanding of the possible interac- 
edge of turbidity, and shading effects of the tions is enhanced by the modelling process, and 
biota itself. the ability to make subjective judgements re- 

Informationontheratesofprimary produc- garding the impact of environmental 
tion is then used, together with estimates of the perturbations or changes within the environ- 
biomass ofphytoplankton, algae, and seagrasses ment is improved. 
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Often management advice is required on 
the impacts of environmental disturbance, or 
the impact on apex predators such as whales or 
penguins of fishing prey species, such as krill. 
Here the managers need advice that may require 
the formulation of multispecies or ecosystem 
models. 

It should be recognised that the conse- 
quence of using a model in which the processes 
are incorrectly described is that the behaviour of 
the model may differ markedly from the behav- 
iour of the modelled system. Sudden unantici- 
pated collapses have occurred in fisheries around 
the world (for example, the fishery for the Peru- 
vian anchoveta (Hilborn and Walters 1992)), 
where the behaviour of the simpler models was 
simply inadequate because the boundaries of 
the model had been too narrowly defined. 

While simple models are likely to be the 
first models used to describe a fishery, it is 
highly probable that as that fishery becomes 
more heavily exploited, more complex models 
will be required. Long term time series are 
essential if such models are to be successfully 
used. Further, collection of a broader range of 
data, reflecting the ecosystem of which the 
fishery is a component, may alert researchers to 
important interactions between components of 
the system such that they may be included in the 
models used. The focus of data collection must 
be broadened beyond the single species horizon 
if robust management advice is to be available 
when it is required at a future date. 

Acknowledgements 

I am indebted to Don Hancock, Jim Penn, Nick 
Caputi, and fisheries scientists at the Waterman 
Laboratories for their constructive comments. 

References 

Beverton, R. J. H. (Rapporteur), J. G. Ccoke, J. B. Csirke, R. 
W. Doyle, G. Hempel, S. J. Holt, A. D. MacCall, D. J. 
Policansky, J. Roughgarden, J. G. Shepherd, M. P. 
Sissenwine and P. H. Wiebe (1984). Dynamics of 
single species: Group report. In R. M. May [ed.] 
E.uploitation of Marine Communities. Dahlem 
Konferenzen 1984. Springer-Verlag. Berlin. 

Caputi, N. (1993). Aspects of spawner-recruit relation- 
ships, with particular reference to crustacean stocks; a 
review. Australian Journal of Marine and Freshwa- 
ter Research 44,589-607. 

Copes, P. (1986). A critical review of the individual quota 
as adevice in fisheries management. Land Economics 
62,278-291. 

Fletcher, W. J., R. J. Tregonning. G. J. Sant, S. J. Blight and 
M. H. Rossbach (1992). Investigation of the abun- 
dance and distribution of pilchard eggs and larvae off 
southern Western Australia. Final Report FIRDC 
Project 91/24. 74 pp. 

Hilborn, R. and C. J. Walters (1992). Quantitativefisheries 
stock assessment: choice, dynamics and uncertainty. 
Chapman and Hall, New York. 570 pp. 

Penn, J. W. and N. Caputi (1986). Spawning stock-recruit- 
ment relationships and environmental influences on 
the tiger prawn (Penaeus esculentus) fishery in 
Exmouth Gulf, Western Australia. Australian Jour- 
nal of Marine andFreshwater Research 37,491-505. 

Shepherd, J. G. (1984). The availability and information 
content of fisheries data. In R. M. May [ed.] Exploi- 
tation of Marine Communities. Dahlem Konferenzen 
1984. Springer-Verlag, Berlin. 

Stokes, T. K. (1992). An overview of the North Sea 
multispecies modelling work in ICES. In A. I. L. 
Payne, K. H. Brink, K. H. Mann and R. Hilborn [eds] 
Benguela Trophic Functioning. South African Jour- 
nal of Marine Science 12, 105 1 - 1060. 

Walters, C. (1986). Adaptive management of renewable 
resources. Macmillan Publishing Company, New 
York. 374 pp. 

Walters, C., N. Hall, R. Brown and C. Chubb (in press). 
Spatial model for the population dynamics andexploi- 
tation of the Western Australianrock lobster. Panulirus 
cygnus. Canadian Journal of Fisheries and Aquatic 
Sciences. 

Population Dynamics for Fisheries Management 



Table 1. Data needs for single species models. 
Stock identification data: 

Taxonomic data. 
Electrophoretic data. 
Morphometric data. 
Tagging Data. 
Chemical and biological (parasite) tracers. 

Time series data: 

Catchdata (bothdiscards and landings), disaggregated by gear type, age, sex, size and location. 
Effort data, disaggregated by gear type and location. 
Abundance data, disaggregated by age, sex, size, and location. 
Data on abundance and distribution of parental stock. 
Recruitment data. 
Data relating to fishing power. 

Biological data: 

Weight - length relationship. 
Growth function. 
Fecundity. 
Maturity. 
Natural mortality. 
Distribution of age classes and migration processes. 

Technological data: 

Selectivity of fishing gear. 
Efficiency . 
Fishing power. 

Table 2. Additional data required to model effort dynamics. 
Economics: 

Cost of vessels. 
Cost of fish finding and navigational equipment. 
Cost of fishing gear and bait. 
Cost of fishing operations (e.g. fuel used, distance from port, etc.) 

Market: 

Relationship between supply and demand. 
Impact of competitive products. 
Seasonal nature of demand. 
Dependence of demand on size of fish. 

Tactics: 

Response by fishing fleet to changing distribution of fish. 
Response by fishing fleet to historical fishing patterns. 
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Table 3. Data requirements to model 
technological interaction. 
Targeting of effort: 

Catch data disaggregated by target 
species. 

Effort data disaggregated by target 
species. 

How tactics affect catch: 

Characteristics of fishing tactics 
determining the species mix. 

Subset of vessels targeting each species. 

Surveys to obtain fishery independent 
data. 
- - 

Table 4. Data requirements for modelling 
biological interaction. 
Competition: 

food; 

space; 

shelter. 

Predation: 

Gut contents. 

Daily ration. 

Prey switching and relationship with 
availability of prey items. 

Size dependence of competition and 
predation: 

Larvae and pre-recruits must be 
considered. 

Table 5. Data requirements for ecosystem 
models. 
Physical: 

Bathymetry. 

Tides. 

Winds. 

Temperature (depth). 

Salinity (depth). 

Currents, waves. 

Chemical: 

Nutrient levels, sources, sinks. 

Rates of uptake, release, diffusion, 
transformation. 

Primary production: 

Light, Photosynthetically Active 
Radiation (PAR). 

Turbidity. 

Attenuation. 

Shading. 

Photosynthesis - Irradiance (PI) 
curves. 

Biomass. 

Growth, erosion, loss. 

Secondary production: 

Grazing. 

Filtering. 

Processing detritus. 

Predation. 
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Figure 1. Model boundaries. 
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