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ABSTRACT

Fisheries managers are increasingly confronted by an array of problems, and it is
clear that most of these concern matters where there are variable disparities in the
spatial domain. Given this spatio-temporal perspective, then the use of GIS would
appear to offer a viable management solution. This paper reviews the basic
challenges to the use of GIS in a mobile marine milieu, and notes that many of these
challenges are based as much on confronting the human, fisheries-based
organisational structures as with problem solving in the difficult physical environment.
A brief examination is made of areas within fisheries in which GIS is currently being
employed. Most attention is given to describing the practical challenges to GIS
adoption for fisheries management, and to discussing and illustrating how these
challenges might be overcome. The conclusion outlines some of the ways in which
GIS is likely to be adopted in the near future for the improvement of fisheries per se.

Key Words: Geographical Information Systems, GIS, Fisheries Management, Management
Solution, Spatio-Temporal.

INTRODUCTION

The aim of this paper is to briefly review the prevailing status of GIS applications in
the fisheries management domain as at the start of this century. Since the domain is
relatively extensive, then the review will not attempt an in-depth study, though a fairly
extensive bibliography has been included. The main focus will be upon the problems
and challenges that are inherent in using GIS in the marine fisheries domain, though
some consideration will also be given to the present fields of activity, and the likely
future avenues of GIS use. As a prelude to the review, it is important to examine the
reasons why GIS is likely to be important to fisheries management. The reasons are

varied, but obvious ones may be identified as:

= The growth of GIS as an analytical tool. GIS, as a separate and clearly
identifiable part of the IT industry, has sustained a compound annual growth rate
of about 14% during the whole of the 1990’s. In 1998 the world market for geo-
spatial systems and services was approximately £3 billion sterling (Wilson, 1999).
This growth has largely been spawned by technological advances in the whole IT
sector, and by the fact that GIS has proven itself in a range of terrestrial
applications.

= The scale of the World's fisheries. At the World scale, fisheries are the second
largest employer after agriculture, with some 300 million world-wide being
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employed directly or indirectly. In many individual countries, especially in the
developing world, it is a hugely important sector, and world-wide fish represents
the major source of protein for over 1 billion people.

= The spatial extent of the activity. With oceans occupying 71% of the World’s
surface, and additional to which there are lakes and inland rivers, then fisheries
are the most spatially extensive economic activity. Nearly 20% of world marine
areas have a natural productivity that encourages abundant fish populations, e.g.
continental shelf areas, inland seas, estuaries, coral reefs and upwellings. Even
the other 80% has scattered though large populations of pelagic species —
sharks, tuna, etc.

= The plight of the World's fisheries. Probably 60% of fish stocks are exploited to
their maximum sustainable extent, and many other stocks are exploited at a level
that, given the present state of knowledge, then catches should not be increased.
There is a catalogue of what might be described as “fishery disaster areas”, i.e.
areas where excessive fishing has resulted in either or both of major cut-backs in
fishing fleet size and substantial changes to fish assemblages. These areas
include the Yellow Sea, Black Sea, North Sea, the Gulf of Maine, and the Gulf of
Thailand. In some areas whole fishing communities are now either out of work
(e.g. Nova Scotia, Newfoundland, New England), or they are rapidly leaving the
industry. The North Sea cod (Gadus morhua) is now on the CITES list of
endangered species!

= Problems are in the spatial domain. Nearly all problems in fisheries are caused
by the fact that different facets that effect fish populations are in dis-equilibrium
(Laevastu and Favorite, 1988; Cushing, 1995; Symes, 1996). Nearly all of this
dis-equilibrium can be manifest as disparities in the spatial domain. Many
examples could illustrate this, but some notable factors include:

Ecosystems have been destroyed, e.g. areas are too heavily trawled,

coral reefs are damaged, and mangroves have been removed.

Wide areas of the marine milieu are suffering from pollution.

There is too much fishing effort in specific areas.

Many fisheries management system’s are poor or ineffective.

Global warming is variably effecting marine community distributions.
The important point here is that these are all spatially related problems, and it is just
such problems that GIS is designed to address. It is also worth considering here that
geographers, under whose domain many of the GISs work, are likely to be able to
give an educated and neutral view on problems that have a spatial perspective in the

fishery sphere.

THE CURRENT STATUS OF GIS USE IN FISHERIES MANAGEMENT

GIS has been very slow to grow in the fisheries sector, i.e. relative to its growth in the
terrestrial sector. This is basically to do with the complexities of working in the marine
domain. This can be illustrated by Figure 1 that shows “task components” that need
to be considered when undertaking any fisheries related GIS work (Meaden, 2000a).
So, terrestrial GIS has only to be concerned with components 1, 2 and 4, whereas
any fisheries GIS must also be concerned with 3, 5, 6, and 7. This is because

fisheries take place in a 2.5D or 3D spatial environment, but it is an environment that
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is largely in a state of continual movement. Thus movement of the water body itself is
occurring differentially, and most of the objects within it are moving independently.
The variable movement then has an effect on spatial distributions, which in turn
means that the periodicy of any mapping becomes an essential issue. The marine

milieu itself therefore provides a fundamental problem to any GIS-based work.
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Figure 1. Task Components in a Fisheries-Based GIS (from Meaden, 2000a)

A further fundamental factor causing slow growth in GIS use is concerned with the
human organisational structure of fisheries per se, and especially in the fragmented
nature of the activities. Thus fisheries research and management tends to take place
in an array of types of institutions — universities, fishery management authorities,
consultants, research institutions, etc. These are scattered world-wide, often in
peripheral, seashore locations, and many institutions are either not conversant with
GIS as a management or decision making facility, or they are too small to support
such activities. GIS publications relating to fisheries tend not to appear in the more
established literature — they are more frequently in the form of governmental reports
or in other “grey literature” resources (Figure 2). Additionally, as an economic activity,
the fisheries industry is exceedingly diverse. So, it is possible to conceive that there

are forces operating that tend to retard the development of fisheries GIS, whilst
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counter-balancing this there are accelerating forces that are now beginning to exert a

significant influence in promoting the use of GIS (Figure 3).
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Figure 2. Publication Mode of 174 Fisheries GIS Related Works produced
between 1984 and 1998 (from Meaden, in press)
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Figure 3. Forces both Retarding and Accelerating the Use of GIS in Fisheries Management
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The first GIS applications in fisheries came in mid-1980'’s, but little growth occurred
until the 1990’'s. The early applications tended to be for aquaculture site location, e.g.
Meaden, 1987; Kapetsky et al., 1987; Kapetsky et al., 1988; Kapetsky, 1989; Ali et
al., 1991; Ross et al., 1993, because this is largely a terrestrial, static application
where data is easily acquired. During the 1990's there was significant growth in
applications of fisheries GIS (see Meaden and Do Chi, 1996 for a summary), and
Table 1 gives an indication of applications in the early and mid-1990’s. Fisheries GIS
is now growing extraordinarily rapidly, and in 1999 there was the First International
Symposium on GIS in Fisheries Science (Seattle, Washington, USA) and the “Spatial
Processes and Management of Fish Populations” conference at Anchorage, Alaska.
Most of the activity is taking place in the USA, although actual fisheries GIS

applications occur in a wide range of countries.

Table 1. Examples of Fisheries Related GIS Work Produced During the 1991 to 1997 Period

Fisheries Theme or Topic Covered | Examples of Studies

Marine Mapping and Atlases Selvik et al. (1993), Ostrowski (1994),
Ramster (1994), Carocci and Majkowski
(1996), Ramos et al. (1996)

Habitat Mapping (Riverine and | Gordon (1994), Liebig (1994), Somers and
Marine) Long (1994), O’Brien-White and Thomason
(1995), Rubec (1996), Castillo et al. (1996),
Keleher and Rahel (1996), Long and Skewes
(1996), Rogers and Bergersen (1996),
Sotheran et al. (1997)

Marine Productivity Mapping Caddy et al. (1995)

Fisheries Management Legault (1992), Meaden (1994), Long et al.
(1994), Jordan et al. (1995), Meaden (1996),
Al-A’ali and Bakiri (1996), Kemp and Meaden
(1996), Smith and Lalwani (1996)

Human Impacts  on Fishing | Wood and Ferguson (1995), Irwin and Noble

Environments (1996), Porter et al., (1997)
Land Use or Classification Klemas et al. (1993)
General Swartzman et al. (1992), Kapetsky (1994),

Do Chi and Taconet (1994), Taconet (1995),
Le Corre (1995)

Aquaculture Location and Activities | Ali et al. (1991), Paw et al. (1992), Ross et
al. (1993), Beveridge et al. (1994), Aguilar-
Manjarrez and Ross (1995), McGowan et al.
(1995), Habbane et al. (1997)
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FIELDS IN WHICH GIS IS CURRENTLY USED FOR FISHERIES
MANAGEMENT

Before delimiting the actual fields in which GIS is being used, it is important to note
that the activities are being carried out in the range of institutions mentioned in
Section 2. The uses to which GIS is being put vary considerably in their scale. This
means that some GIS studies are continental wide, whilst others are at a micro-scale,
e.g. looking at individual aquaculture sites or at particular stretches along a stream or

river, or to very specific marine locations.

The main fields in which GIS are currently being used for fisheries related purposes

are:

1. Site selection for mariculture or aquaculture. This was an original use for GIS in
fisheries related work. It is mostly pursued at a small spatial scale, though its actual
use is not as wide spread as it might be. Thus there have been many problems
caused by the poor siting of aquaculture facilities, e.g. extensive disease problems
has occurred on shrimp farms in Thailand and Sri Lanka, and many of the disease
outbreaks on salmon farms could undoubtedly have been minimised had more
careful site selection procedures (using GIS) been employed. Figure 4 illustrates
sites selected for shrimp farming potential in central, western Sri Lanka, a GIS
exercise that was unfortunately carried out after a major white spot disease outbreak,

which itself had been caused by poor farm-site location.

2. Matching fish distributions to environmental parameters. Clearly it will be of the
utmost interest for those working in fisheries management or science to know the
relationships between fish distributions and various environmental parameters. The
types of parameters being commonly used include water temperatures (especially
thermal fronts), upwelling indices, water depth, marine chlorophyll abundance,
bottom sediment type, and salinity. Recent examples of this GIS-based work here
include; Booth (1998); Sakurai et al. (1998); and Brown and Norcross (1999).

3. Modelling fish activity and movement. These applications area is really just getting
underway. Here the aim is to attach numerical models to a GIS in order to simulate,
describe or predict a range of processes. Examples include — movement models
(Ault and Luo, 1998), economic cost surfaces, and the diffusion of fishing effort over

time (Caddy and Carocci, 1999; Corsi et al. (in press). Clearly, a range of statistical
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analyses and modelling could utilise GIS raster or vector surfaces as platforms upon

which algorithms may be tested.

4. Analysis of fisheries catch and effort. Fishery managers are interested in where
fishing effort is concentrated; how much fish is caught where; what is the relationship
between catch and effort, etc., and much interesting work is now being produced,
e.g. Meaden and Kemp (1996); Denis and Robin (1998); Fogarty and Murawski
(1998); and Pierce et al. (1998). Statistical output can be obtained from many GIS
programs. Obviously catches can be explained in terms of various environmental
parameters, or in terms of fish life cycles. Figure 5 shows January catches in small

unit areas off the coast of South Africa.

5. Establishing regional and national fisheries databases. Although not directly a GIS
application to fisheries management, it is clear that without huge data inputs then
fisheries GISs could not function. So in some major fishery regions a massive effort
has gone into establishing databases, metadata sets, e.g. Durand (1996), Valavanis
et al. (1998), and in setting up regional data centres, e.g. in eastern Canada or at the
various World Data Centres. Fisheries related data sets are slowly becoming

accessible over the Internet.

PRESENT CHALLENGES TO THE USE OF GIS IN FISHERIES
MANAGEMENT

The challenges to the use of GIS for any fisheries related purpose are very
significant. Here only an indication of what the main challenges are is
given.Obviously it should be noted that other challenges are relevant but are beyond
the capability of most workers in this field to influence — for instance, matters relating
to IT developments, to GIS training, to institutional constraints, etc. Again the

challenges can best be covered by the use of a descriptive list:

1. Mapping and analysis of movement. As mentioned in Section 2, not only does the
water itself move, but so does everything within it - and it moves either regularly,
randomly, chaotically or unpredictably, as do most of the things within it. It is easy to
imagine the difficulties that this gives to those who are trying to “draw maps”

(Schneider et al., 1999; Hooge et al., 1999). One of the ways of coping with the
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Figure 4. Shrimp Farming Potential in Central, Western Sri Lanka.
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Figure 5. Aggregated Pelagic Catches off the Coast of South Africa

problems caused by this mobile environment, is to consider carefully the scale of the
movement. At a small scale (large area), then movement will be less of a problem
since relative, quantifiable movements will be low and they will usually be on a
predictable, cyclic basis. But unfortunately, most fisheries research projects are
initially examined at a detailed scale (small area), and here movement may be
relatively pronounced (and thus important). Given this fact, Schneider (1998) has
hinted that a primary concern when studying movement is to try to optimise the scale
of study, and to at least identify the nature of the movements involved. It will clearly
be some considerable time before many movement models can be adequately
developed and incorporated into GIS analyses (see 6 below).

2. Working in a 3/4D marine environment. Another major challenge is the 3 (and 4D)
nature of the marine environment. Analyses might need to be accomplished, and
maps produced, that examine variable “slices” through specific water bodies. At the
present time there are no proprietary marine GISs that have the capability of working

O (2000) theUKcoastalzone.com



GeoCoast Vol. (1) No. (1) pp. (82-101) (October) (2000) 91

in a 3D marine context. Several authors are working on this, and Figure 6 shows a
universal 3/4D hierarchical data structure that this author is working on, a structure
that will enable data to be stored and used at up to 6 different resolutions (Meaden,
1999). Other work is in progress, some of which has produced 3D marine visual
capability, but only in demonstration projects (e.g. Harding et al., 2000; Kiefer et al.,
1999).

3. Applications of spatio-temporal models and statistics. As indicated earlier, models
are increasingly being applied within GIS to fishery management problems. Work is
now underway on applications of complex movement models, stock prediction
models, habitat suitability models (e.g. Rubec et al., 1998; Eastwood and Meaden,
2000), plus various economic models. Figure 7 illustrates this modelling by showing

the relative habitat suitability for juvenile sole (Solea solea) in the Straits of Dover.

Latitudes

Longitudes

This model illustrates a
recursive factor of two, with
four levels of the hierarchy
being shown. Thereal structure
uses arecursive factor of ten
and has six hierarchical levels.

\—//_/

O (2000) theUKcoastalzone.com



GeoCoast Vol. (1) No. (1) pp. (82-101) (October) (2000) 92

Figure 6. A Recursively Tessellated, Hierarchical 3D Structure for Storing Marine
Data at a Range of Resolutions

Given the vagaries of the marine environment, then it is no easy task to fit these
statistical models, and amongst other problems this means that to get an indication of

statistical significance when working with marine data is extremely problematic.

4. Data gathering and data standardisation. Another challenge of immense
importance is data gathering. Until recently there has existed what is really only a
scattered number of data-sets covering a very small part of the total marine
environment. But new data gathering systems are coming in rapidly, and these will
exponentially increase potential data inputs to many fisheries GIS. Thus remotely

Results: Upper quantile model

Number of eggs m? Habitat suitability
Bl 16-32 [ ]2-4 I 0.75-1.00 [ 0.00-0.25
I 8 - 16 [ ]0-2 I 0.50-0.75 [ ]0.0 orno data
m4-8 [ ]0.0 or no data I 0.25 - 0.50

Figure 7. GIS Generated Model Showing Habitat Suitability for Juvenile Sole (Solea solea) in
the Straits of Dover.

operated vehicles, (ROV’s), tethered and floating buoys, acoustic sonar, plus better
quality satellite data will soon initiate vast data streams, and the problem will then be
more concerned with establishing ways to store, handle and best utilise the data. An
additional problem is that marine data is badly in need of standardisation in terms of
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its formats, uniformity of meaning, data gathering quality, etc., and no single
organisation appears to be taking responsibility for this (Bartlett and Wright, 2000;
Meaden, 2000Db).

5. Fuzzy boundaries and other entities. A problem with data is that concerning
“fuzzy” boundaries. How is data best classified? What is meant by, for instance, the
“Southern Ocean™? Do we map by species or genera? How are sub-species best
categorised for mapping? The questions here are endless, and in the marine
environment fuzziness is exacerbated by having the 3™ or 4" dimension, and by the
fact that there do not exist all the useful anthropogenic boundaries that have been

created across the terrestrial landscape.

6. Visualisation. This topic covers the area of how we best view and understand
mapped data. What colour combinations should be used? What legend symbols can
best be interpreted? What temporal frequency is needed in order to show change?
What frequency classes should be used? It is important that some considerable effort
is given to establishing the best visualisation formats for fisheries decision makers to
use (Kemp and Meaden, in press). Huge improvements are being made, especially
in 3D visualisation, and fly through sequencing of maps (or dynamic mapping) is now
being used in fisheries GIS (Ault and Luo, 1998). The use of dynamic sequencing
techniques will allow for visualisation of scenarios such as the daily increments of fish
migration movements, the passage of thermal fronts, or the spread of perhaps toxic

algal blooms, and indeed any movement that can be readily modelled.

7. Organisational problems. Under this heading the concern is with doing something
about the fragmented nature of GIS use in fisheries management. In Section 2
above, some indication was given concerning the extremely fragmented nature of
work being carried out here. There are many possibilities to confront this problem.
Should there be more conferences? Is a fisheries GIS journal needed? Should there
be a major Internet site, and if so, how should it be updated? Undoubtedly the future
will see some organisational improvements through the proliferation of dedicated
conferences and/or workshops, but the major challenge will be in getting regional
fishery management institutions to adopt GIS as a major aid to improving decision

making.

8. Economic challenges. Although the economic challenges of adopting GIS for

fisheries management are reducing, data inputs are still very costly — primarily
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because collection costs are expensive at sea. But the main challenge lies in proving

the cost:benefit of using GIS to potential customers.

9. Socio-cultural challenges. Although the world of GIS might be quite straight-
forward in the US, Europe and in other developed areas, this does not apply
everywhere. There are still taboos of various kinds. Do fishing vessel owners wish to
confront this new technology? Should western nations be imposing complex IT
solutions upon communities to which GIS may seem to have little relevance? It is
also clear that the structural organisation of fisheries in some geographical areas is
so complex and fragmented, that no single group exists who are able to act as a
focal point around which GIS-based analytical systems might function. This author
has been involved in a number of major fisheries related GIS implementations, and in
each one there has arisen an array of socio-cultural issues, some of which have
proved to be insurmountable to the extent that GIS has not proven to be a viable

option.

10. Gaining a geographical perspective. Allied to the above, a final but important
challenge is that of gaining a full understanding of the spatial perspective. Many
people working in the fisheries field cannot be expected to comprehend spatial
relationships as shown by GIS maps and analyses. They often do not detect subtle
trends in terms of adjacency, ubiquity, contiguity, heterogeneity, etc. Flows,
interactions, spatial patterns, surface trends all have to be recognised, otherwise the
use of GIS is simply wasted. But it is far from easy to teach, or to learn, spatial

awareness.

LIKELY FUTURE FISHERIES MANAGEMENT AREAS FOR GIS

Although the ideas expressed here must be somewhat speculative, it is reasonable
to postulate on some major directions in which the use of GIS for fisheries
management are likely to move. Table 2 briefly sets out some additional ways, i.e.
beyond those already being worked on and those that have been detailed in section

3 above.

CONCLUSIONS
GIS is slowly entering into the realm of fisheries management, and it will increasingly
influence decision making at all levels. Given the state of the world’s fisheries, and

the fact that there is now a universal recognition of the relationship that exists
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between fish and their environment, then the role that GIS can play is advancing
rapidly. However, those who are involved in this process of advocating GIS adoption
must be aware that changes are taking place so rapidly within the fisheries milieu,
that it will prove a major challenge both to keep abreast with these changes, and to
adapt databases and GIS systems at the necessary rate so that genuine progress
can be achieved. It might not be too much of an exaggeration to say that decisions
on the adoption and implementation of GIS must be quickly acted upon if commercial

fishing is to remain a mainstream human activity.

Table 2. Some Major Ways in which GIS Might be Used to Further Fisheries Management

1. For the management of catch and effort in commercial fisheries using
electronic log books that are integrated to GIS for a range of spatio-temporal
analyses.

N

. As an aid to establishing essential fish habitats and marine reserves.

w

. For stock enhancement purposes. It is essential that various careful spatial
analyses are carried out before fish can be successfully (and economically)
placed into marine waters.

. For the assessment of trawl impact damage.

g~

. For assessing the effect of fish removals on local marine ecosystems. This
means finding out what are the effects, both forward and backward, of
removing potentially large numbers of fish from overall aquatic food chains.

o

For establishing optimum locations for the siting of deep-sea mariculture
cages. Cage siting in sheltered embayments and fjords is causing concern,
so it is likely that more exposed deep water sites will in the future be
preferred.

7. For the monitoring and modelling of quota arrangements, including the sub-
division of marine space into smaller, more flexible zonal management units.

8. GIS implementational procedures, i.e. how best to implement GIS into
fisheries management.
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