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In this paper, modelling efforts that seek to describe, explain and predict the
behaviour and spatial dynamics of tunas are reviewed and discussed in relation
to tagging studies with the same goals. Tagging and tracking of fish with elec-
tronic devices can provide valuable observations of free-living animals, which
may be used to help derive models and also to test their predictions. But we
simply will not be able to derive and validate models for the fine-scale behav-
iour of tunas unless measurements are made of physiological and environ-
mental variables, representing factors motivating behaviour, at the same time
as position and activity are recorded. On longer time and space scales we must
assess reproductive motivation, by identifying spawning grounds and times
and measuring gonad state for individuals as they migrate throughout their
range. Thermodynamics (through bioenergetics), fitness maximisation and
adaptive behaviour with evolutionary motivation are appropriate paradigms for
the derivation of models. But modelling will remain merely a technical exer-
cise unless it is carried out as an integrated part of research programs pursuing
the understanding of tuna behaviour and spatial dynamics as the ultimate goal.
An observational framework that simultaneously measures environmental and
physiological variables, with a complementary suite of statistical and theoreti-
cal models, will truly advance knowledge and enable us to understand these
fish. This synthesis will only be achieved through collaboration between sci-
entists with individual skills in field, laboratory and computational ecology
and with innovative technical support. Some case studies are presented here to
support this thesis, and it is hoped that this paper will stimulate discussion,
collaboration and the development of new observational and computational
methodologies.
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1. INTRODUCTION

It has long been a goal of tuna ecologists to fully describe the behaviour
of these magnificent fish in relation to their oceanic environment. Large
scale movements have received much attention because of the complexities
surrounding the management of highly migratory stocks (Block et al.,
1998a). Certainly these issues are important if seeking to apply traditional
fisheries models for stock assessment and quota management. Mark and
recapture methods have been used for various applications including large
scale movements, growth rates, mortality, and transfer rates between stocks
and gear types (see review by Hunter ef al., 1986). Acoustic telemetry has
provided detailed data on tuna movements, often in relation to environmental
variables measured from the recording platform (Holland et al., 1990; Cayré
and Marsac, 1993; Block et al., 1997; Josse et al., 1998; Brill et al., 1999;
Dagorn et al., 2000). Archival tags have collected longer time series of data
on position and water temperature, and sometimes body temperature (e.g.
Block et al., 1998b), without the need for a following platform, but the need
to recapture the fish before data can be obtained is clearly limiting. Pop-up
tags that relay their data via satellite have been used to effectively increase
the return rate to near 100% (Block et al., 1998a), but only position and daily
mean water temperature have so far been recorded, limiting the utility of the
results.

A common problem for all tagging studies to date is sample size; only a
small number of fish may be tagged and tracked at any one time, and re-
peated sea-going experiments are costly. Biologists have not worried overly
about this and for good reason — individual behaviour may be scaleable into
populations and species as the same physiological and evolutionary impera-
tives apply to all. This doesn't negate the need to sample more than one fish
at a time, but it does allow us to have confidence in good, comprehensive
studies that have limited sampling size.

The common framework for understanding animal behaviour is behav-
ioural ecology (Krebs ef al., 1993; Krebs and Davies, 1997). This is a unify-
ing field that provides some powerful perspectives, paradigms and methods
that can be applied across the animal kingdom. A conceptual model for the
behavioural ecology of tunas is presented in Figure 1. Theoretical models in
behavioural ecology (e.g. Kirby et al., 2000) need observations for parame-
terisation of vital rates and for testing predictions. In turn they may contrib-
ute to experimental design by identifying key variables and parameters. Sta-
tistical models based solely on observations and without regard to mecha-
nism or process can say nothing about causal links between variables, but
may still have pragmatic value and find useful applications (e.g. Cayré and
Marsac, 1993).
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In this paper I discuss differences in modelling methodologies and em-
phasise the common ground that can exist between observational and com-
putational studies. My contention is that we might learn so much more if we
refine our observational methods and our modelling techniques to a point
where they converge as valuable tools for the same task.

Fitness criteria = maximize body energy
(short time scale) or lifetime reproductive
success (longer time scale)

Life History
Strategy Environment
* batch fecundity ¢ temperature
* spawning frequency * turbidity
* egg size * prey quantity
* growth rate * prey quality
* size/age at maturity, * predation risk
etc. * currents, etc.
Physiology Behavior
» stomach fullness &
energy content * habitat choice
* body energy density * swimming speed
* somatic growth * sinuosity
* gonad development * school fomation
¢ oxygen deprivation * spawning, etc.

* temperature stress, etc.

Figure 1. Conceptual model for the behavioural ecology of tunas. The properties of the oce-
anic environment interact with physiological constraints and evolutionary imperatives. In
order to maximise some measure of fitness, a predatory fish comes to optimise its use of
available habitat, through natural selection against sub-optimal strategies, and by making
cognitive choices within the constraints of its sensory and learning abilities.

2. OBSERVATIONS OF TUNAS IN THE OCEAN
AND IN THE LABORATORY

There is a long history of observations of tunas at sea and in the labora-
tory, and the ongoing development of dedicated facilities, research programs
and databases will ensure that as long as we keep our minds open, we will
continue to further our knowledge and understanding. This is not a compre-
hensive review of observational studies, but instead I have highlighted key
studies that are central to my thesis viz. that the right variables must be
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measured at sea, in order to be able to derive and evaluate models that repre-
sent a true understanding of tuna behaviour and spatial dynamics.

Much observational work has focussed on the role of physical or abiotic
aspects of the environment as potential limiting factors in horizontal and ver-
tical range. Many physiological processes are temperature and/or oxygen
limited, so this focus is understandable. Despite the mechanisms of heat
conservation that are available to tunas (Kishinouye, 1923; Carey and Law-
son, 1973; Holland et al., 1992; Dewar et al., 1994), temperature limitation
of foraging range is suggested by laboratory experiment (Dizon ef al., 1977,
Barkley et al., 1978; Brill et al., 1998) and apparent in field observations
(Blackburn, 1965; Sund et al., 1981; Brill, 1994; Brill et al., 1999). Oxygen
concentrations can be limiting in absolute terms, and even if they are not
there may be clear preference for high oxygen depth strata (Block et al.,
1997). Cayré and Marsac (1993) tagged and tracked 3 yellowfin tuna, re-
cording depth every 20 s and comparing vertical movements with profiles of
temperature and dissolved oxygen. They fit modified normal distributions to
the time series of data such that a depth-based catchability forecast could be
made and fishing gear set depending on observed profiles of the physical
variables. However, their conclusion that “...the vertical distributions of
only two physical parameters (temperature and dissolved oxygen) explain
the vertical distribution of yellowfin tuna” is somewhat exaggerated, particu-
larly as they did not postulate any reason for the observed distributions, nor
did they measure other potentially relevant variables such as light and/or
turbidity. A statistical model of this nature may become a useful means of
directing fishing effort but it does not advance our understanding of tuna
behaviour. In the light of various experiments noting the dynamics of tuna
prey (Marchal et al., 1993; Josse et al., 1998), conclusions constraining tuna
behaviour by physical variables alone would seem overly simplistic. Even if
we assume that adult tunas are apex predators and that their behaviour is not
at all constrained by predation pressure, their behaviour is highly likely to be
affected by the dynamics of their highly mobile and patchily distributed
prey.

Tunas are known to have high metabolic energy demands (Brill, 1987)
which necessitate a high energy intake. Given the need for tunas to keep
swimming in order to maintain hydrostatic equilibrium (Magnuson, 1973),
we might expect active foraging to occur whenever possible. However, it
has been noted that the intensity of response of yellowfin tuna to prey odours
varies with hunger state (Atema et al., 1980); time is needed to recover from
exercise and to digest and absorb food. Energy conserving ‘dive and glide’
behaviour has also been observed in more than one tuna species (Holland et
al., 1990; Block et al., 1997), whereby rapid powered ascents are followed
by a slow, lift-based glide. Both time- and state- dependent behaviour are
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predicted theoretically (Kirby et al., 2000), which means that unless envi-
ronmental and physiological variables are simultaneously measured, it is
simply not possible to say what is controlling tuna behaviour.

Josse et al. (1998) acoustically tagged and tracked one yellowfin and two
bigeye tuna, and simultaneously measured local prey density as indicated by
a sound-scattering layer (SSL) on an echosounder. They obtained some
good data illustrating the movements of these fish in relation to the SSL and
noted that abiotic variables (temperature and oxygen) were not limiting. It is
rather telling that they are able to conclude that they have observed a ““...new
(sic) explanatory factor of tuna behaviour: the biotic environment.” It is new
but it shouldn't be — as pelagic predators, tunas are ever likely to be affected
by the dynamics of their prey. There has been too much focus on the rela-
tionship of tunas with physical environmental variables. These abiotic vari-
ables are still important for tunas and there may be real situations where they
are limiting, but within the limits of these variables that directly affect
physiological processes, it has long been recognised that the availability of
forage will induce tuna distribution (Blackburn, 1965; Sund et al., 1981).

Fine scale hunting behaviour is therefore also likely to be observed. Ver-
tical movements in particular are common and frequent and the different
tunas have different movement patterns. The reasons why these differences
occur remain the subject of debate (Brill ef al., 1999) and morphological
and/or biochemical adaptation to the different physical regimes above and
below the thermocline are likely to be key (Lowe ef al., 2000).

The evolutionary advantage of these different behaviour patterns requires
more holistic consideration of the trophic dynamics of the pelagic ecosys-
tem. Trophic interactions are not just important for fine scale behaviour;
even large scale movements and aggregations may be food-motivated. The
gathering of young albacore at the fronts off the California upwelling is a
case in point (Laurs et al., 1984; Fielder and Barnard, 1987) — being sexu-
ally immature, these fish certainly aren't aggregating for reproduction. As-
suming that tunas can occupy a broad oceanic niche, the proximate motiva-
tion for their dynamics within that space is likely to be food, with the ulti-
mate motivation being to maximise reproductive success. Behavioural stud-
ies should therefore focus on estimating these factors as the free-living ani-
mal is observed.
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3. MODELS FOR THE BEHAVIOUR AND SPATIAL
DYNAMICS OF TUNAS

Model: a simplified description of a system, process, etc., put forward
as a basis for theoretical or empirical understanding; a conceptual or
mental representation of something. (Math.) A set of entities that  sat-
isfies all the formulae of a given formal or axiomatic system. (Ox-
ford English Dictionary, 1993)

Biologists are often put off by the ‘flute music’ of calculus, the sophistry
of statistics and the terse logic of programming code. When one’s motiva-
tion for study comes from a deep appreciation of the beauty of nature it is
easy to be put off by analytical methods that seem to grossly oversimplify or
overcomplicate, sometimes simultaneously, a situation about which one al-
ready has an intuitive understanding. But such is the nature of science, and
modelling is but another tool in the investigation of natural processes, and
one that can contribute to knowledge at many different levels of understand-
ing. While stock assessment may have “...degraded into mathematical
games in which the object is to find best guesses and estimates for parame-
ters that have little to do with any ‘real’ measured or measurable variables,”
(Sharp, 1995) the exercise of deriving a model can still help to identify and
clarify the relative importance of different parameters and processes about
which we previously had only a conceptual understanding. Simpler models
often provide insight that is more valuable than accurate numerical fits, and
the most influential models are often the ones where the numerical output is
not needed to guide the qualitative understanding (Hilborn and Mangel,
1997).

Herein lies the truth that there are many different types of model that may
be applied to any particular question. Most scientists will be familiar with
the exercise of trying to find correlations between variables, and are happy
when measurements of one variable can be used to reduce the variance in
measurements of another (some use the term ‘explain’ — I prefer not to).
But it is extremely difficult to find statistical relationships that hold in highly
variable environments (Sharp, 1995; Mangel et al., 2000; see Bigelow et al.,
1999; Andrade and Garcia, 1999). Furthermore, while statistical relation-
ships may describe relationships well or badly, they cannot be used to show
causality (Sharp, 1995; Brill, 1997; Hilborn and Mangel, 1997). The re-
searcher may use statistical methods to identify relationships between vari-
ables but the ultimate questions regarding why such relationships exist can-
not be answered in this way. Causality may be established through knowl-
edge of specific obligate physiological responses and consequent behav-
ioural decisions in a systems context (Sharp, 1995; Kirby et al., 2000; Figure
1). This theoretical approach has its emphasis on identifying mechanisms of
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interaction between organism and environment, allowing cause and effect
relationships to be established and used to make predictions that may be bet-
ter founded than those based on projection of past trends into the future. The
level of detail required to develop such process-oriented models is usually
high, and simplifications and assumptions have to be made in order to pro-
gress. Nevertheless, even simple theoretical models that forgo mechanistic
detail can still provide a better understanding of the system under study than
may be obtained by statistical analyses alone, as they can also have explana-
tory power. There is a body of literature on this subject that is well worth
reviewing before undertaking any kind of modelling exercise (e.g. citations
above, plus Loehle, 1983 and reviews by Tyler and Rose, 1994, Giske et al.,
1998, Mangel et al., 2000; Huse et al., in press).

Models for the behaviour and spatial dynamics of tunas are many and
varied (Deriso et al., 1991; Cayré and Marsac, 1993; Dagorn et al., 1995,
1997; Bertignac et al., 1998; Dagorn and Freon, 1999; Sibert et al., 1999;
Stocker, 1999; Humston et al., 2000; Kirby et al., 2000). Rule-based meth-
ods have been used to investigate both fine-scale behaviour of tunas (Dagorn
et al., 1995; Dagorn and Fréon, 1999) and larger-scale movements (Dagorn
et al., 1997; Humston et al., 2000). The use of ‘rules’ is a prescriptive exer-
cise and so the rules themselves must be simple, logical and defensible.
Complex behaviour and spatial dynamics may then emerge in the model sys-
tem that allows one to generate and evaluate hypotheses for real tuna. Large
scale movements and population dynamics have been represented by advec-
tion-diffusion relations, with tagging data used either in model derivation
(Sibert et al., 1999) and/or evaluation (Bertignac et al., 1998; Sibert et al.,
1999). Models of this type and at this scale ignore more fine-scale behav-
iour but may still incorporate interactions with environmental variability e.g.
SST and forage density (Bertignac et al., 1998).

The model of Bertignac et al. (1998) for the spatial population dynamics
of Pacific skipack tuna (Katsuwonus pelamis) builds on earlier levels of
modelling, covering general circulation (Blanke and Delecluse, 1993), bio-
geochemistry and new production (Stoens ef al., 1998), and tuna forage pro-
duction (Lehodey ef al., 1998). In this way the model as a whole is prognos-
tic for tuna. It is a bold attempt at modelling spatial population dynamics
from a ‘bottom-up’ approach (i.e. from first principles — physics to fish)
and is commendable in its endeavours to link biological oceanography with
fisheries science. However, the use of differential equations implies that one
has already identified the relevant dynamics and, in the case of fish move-
ment models, the relationship between fish and environment (Egs. 4, 9 and
10 in Bertignac et al., 1998). Given the complexities of ecological interac-
tions, and the different components of fitness that trade-off against each
other in the course of an animal’s lifetime, this may be somewhat premature.
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A similar criticism would apply to the kinesis model of Humston et al.
(2000) and, in fairness, to mathematical ecology in general. One can apply
mathematical models of any particular functional form to any postulated re-
lationship between variables, but there should be good justification for the
choices made. Particular caution should also be exercised in the inferences
drawn from the results. Humston et al. (2000) are successful in their aim to
reproduce large-scale migration of Atlantic bluefin tuna from simple behav-
ioural rules. These movement rules are formulated mathematically as func-
tions that depend on the difference between actual and optimal temperature,
the latter (18°C) being, ““...chosen because it concurs with temperature data
for those tuna,” aerial survey data reported by Lutcavage et al. (1997), and
because “...it is linked to the edge of Gulf Stream waters.” In the absence of
any other factors to trade off against this temperature preference it is then no
surprise that the resulting distributions reflect those data used to derive the
function, such that “...histograms of surface temperatures occupied at the
end of model runs indicate highest concentrations of fish in surface waters of
18°C,” and model results “also showed marked aggregations along the edges
of sharp thermal fronts.” This is skating on thin ice, below which lie the
frigid waters of tautology. The model is attractive in its simplicity and fore-
casting skill, and in the aim to reflect observations the authors succeed admi-
rably. But the assumptions made concern the mechanisms of interaction be-
tween fish and environment, as well as the motivations for action, upon
which there is not yet convincing consensus. This is an area where future
experimental research will be key.

It is well to remember that “...the realism of spatially resolved models
cannot evolve faster than the acquisition of knowledge about the mecha-
nisms governing the spatial behaviour of the constituents” (SERG, 2000).
The level of realism that is incorporated into a model will also depend on its
purpose and intended use. In a recent theoretical modelling exercise (Kirby
et al., 2000), where the aim was to be as true to mechanism and motivation
as possible, it was not possible to simulate tuna behaviour unless a detailed
representation of physiology (gastric evacuation, standard and active meta-
bolic energy costs), sensory systems (visual range), and both biotic and
abiotic characteristics of the environment (prey abundance and energy den-
sity, water temperature and turbidity) were included. We faced the same
task as Bertignac et al. (1998) in trying to derive an equation to represent the
effect of temperature stress on tuna, a task where we are totally dependent on
experimental physiology to give us measurements of vital rates. By specify-
ing a range of acceptable behaviours (swimming speeds and habitats) and a
detailed representation of the state dynamics (i.e. physiology) the modelling
technique calculates fitness values for all possible solutions and predicts op-
timal foraging behaviour (for more detail see Mangel and Clark, 1988; Clark
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and Mangel, 2000; Kirby et al., 2000). The exercise was started with the
aim of deriving a means to predict the location of tunas in relation to ocean
fronts visible in satellite imagery. But these data are of physical variables
only, with the exception of chlorophyll concentration, and the importance of
prey characteristics and state dependent behaviour became obvious only in
the course of literature searching and model derivation and evaluation.
Nonetheless, we succeeded in predicting behaviour from physiology in a
complex environment, and inadvertently developed the optimal foraging
model envisaged by Hunter et al. (1986; p. 30). The model itself still con-
tains assumptions that may or may not be true, because our knowledge of
various components is incomplete (e.g. sensory biology of tunas; physiologi-
cal mechanisms and rates of accumulation of thermal stress; and the optical
and nutritional properties of forage), but it is the first model for tunas that
predicts behaviour from physiology and environment; it is this kind of model
that is most closely related to tagging studies that seek to understand fine-
scale behaviour.

For movements over larger time- and space-scales, if a mechanistic rep-
resentation of reality is desired, a different approach again may be necessary.
There are real issues regarding the scaling up of motivated individuals to the
dynamics of populations but these may not be as formidable as they first
seem. Using evolutionary motivation (i.e. some measure of reproductive
success) spatial population dynamics has been modelled by both optimisa-
tion (Fiksen et al., 1995) and adaptation (Huse and Giske, 1998) approaches
(see Giske et al., 1998 for expansion and discussion of these terms). Adap-
tive models are well founded in evolutionary and life-history theory, and use
computational methods inspired by biological processes (i.e. neural networks
and genetic algorithms), which enable model agents to both learn and evolve
just as with living creatures. They are also well suited to complex solution
space (G. Huse, pers comm.) and may therefore be better suited to explora-
tory simulations of the effects of changes in exploitation patterns or ocean
climate on fish population dynamics. This heuristic or ‘black-box’ approach
has its detractors, usually amongst those more familiar with deterministic
rather than adaptive processes, but it is conceptually satisfying to the biolo-
gist who is well aware of the complexities of living creatures and to whom
adaptive behaviour and evolution are far from alien. The development of an
adaptive model for the spatial dynamics of Pacific skipjack tuna is the sub-
ject of my current research.
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4. MEANS TOWARDS A TRUE UNDERSTANDING
OF TUNAS: ANEW SYNTHESIS

One of the greatest contributions that theoretical modelling can make in
studies of behaviour is that various hypotheses can be jointly evaluated and
refined, prior to field observation and statistical hypothesis testing. The use
of models when planning an experiment may also help identify variables that
may be confounded in the analysis of results (Hilborn and Mangel, 1997).
This combined approach has practical as well as intellectual merit, as com-
putational experiments are comparatively cheap to run, and may then allow
field studies to focus on what is really important for enhancing understand-
ing. This is the essential point that I want to press in this paper, with regard
to the complementary roles of modelling and experimental studies of the
behaviour of tunas in relation to their environment. Observations should be
used to derive and evaluate models, which in turn may be used to guide in-
vestigations in the field through the generation of testable hypotheses. As
mentioned above, in an optimal foraging model for tunas at fronts (Kirby et
al., 2000) we needed a detailed representation of environmental characteris-
tics, prey characteristics, sensory systems and physiology in order to predict
optimal habitat and swimming speed. Such detail can only come from ex-
perimental investigation in the laboratory and at sea. In addition, the model
makes predictions, in particular regarding state-dependent behaviour, for
which comparable observations are not presently available. We therefore
hope that in future sea-going work, researchers will adopt the model, or at
least the approach, and use it to guide their investigations.

Joseph and Wild (1984), summarising a meeting of the Inter-American
Tropical Tuna Commission, noted that “...there is a need to organise more
complete conceptual models on how environmental conditions and physiol-
ogy can direct and limit tuna movements both vertically and horizon-
tally...At-sea tagging operations should be accompanied by sampling to de-
termine physiological state (energy storage, instantaneous growth rate, etc.)
and recent reproductive history. Tuna stomachs can be used to monitor and
assess the environment in terms of temporal and spatial food availability.”
From the literature it seems that this advice has not been taken. There are
separate studies that tag fish and others that measure stomach contents but
few that do both, let alone conduct the other physiological investigations
suggested. In some biogeographical areas, we should have progressed our
techniques by now such that we can identify forage fish by acoustic target
strength. There may also be ways of non-destructively measuring hunger
state through the use of chemical sensors on the fish. This would be vital
information for a physiology based movement model, data that might be re-
corded by archival tag along with swimming speed and sinuousity. [ made
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an assumption earlier that adult tunas are apex predators and are not them-
selves preyed upon. This is generally thought to be the case, but as Hampton
(2000) has shown, natural mortality of small (21-30 cm) skipjack, yellowfin
and bigeye tuna is an order of magnitude higher than that of mid-sized fish.
To understand the behaviour of these fish we must then simultaneously
measure or otherwise estimate predation risk for the environment where our
tuna is under study. I am not aware of tagging methods that will record the
presence of other fish, be they predators, prey or conspecifics, but it would
be worthwhile considering how they might be developed, or at least how we
might simultaneously measure the ‘biotic environment’ (e.g. Josse et al.,
1998) in terms of both predators and prey.

“The time and space scales of measurements of tuna movements is a
critical issue in the design of future investigations. Tracking of individual
fish over periods of hours or days is not equivalent to movements of groups
or schools over months. The problem of using information from small-scale
movements to model movements of large groups of tunas over weeks or
months needs to be examined” (Joseph and Wild, 1984). Different models
may be used to investigate these different aspects of movement. An optimal
foraging model (e.g,. Kirby et al., 2000) is a good paradigm for short time-
scale behaviour but is not adequate for scales where motivation is different
i.e. where reproductive activity must be considered. In this case, if the fit-
ness-based modelling approach is still followed, a Darwinian fitness measure
must be adopted (e.g. number of eggs laid per gram body mass above size at
maturity—Fiksen et al., 1995; Figure 1) and either an optimisation or an
adaptation approach used (Giske et al., 1998).

There are technological and logistical obstacles and constraints in the ob-
servational work suggested, and first we need to clarify which variables are
most relevant to behaviour. Indices, proxies and vital rates for these vari-
ables may be identified in the laboratory, and then the technological devel-
opment of new tools can begin. Modelling methods must be scrutinised,
with methods used that are appropriate to the questions asked. Statistical
models must not pretend to tell us why things happen, and theoretical models
must be explicit in their assumptions and expand their scope from the artifi-
cial environments for which they are originally derived. Tremendous pro-
gress has been made in the physiological ecology of tunas, and in the devel-
opment of computational methods; these fields must converge and be fol-
lowed by behavioural and evolutionary studies that go beyond the descrip-
tive and retrospective, and are focussed on understanding and prediction.
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